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INTRODUCTORY NOTE. 


In this volume an attempt is made to deal with some physico¬ 
chemical applications of the principles of statistical mechanics. 
An account is first given of the application of what is now known 
as the ’classical statistical mechanics more particularly to the 
problem of the energy content of substances and its variation 
with temperature, on the one hand, and to the problem of 
radiation on the other. It will be seen that in both these 


branches classical statistical mechanics makes it possible for us 
to advance very considerably beyond the limits set by the 
elementary kinetic theory employed in Volume I., but at the 
same time it will be found that the classical statistical mechanics 


does not furnish us with a complete and adequate basis for all 
ihr observed phenomena. It is therefore necessary to enlarge 
or modify the fundamental concepts of statistical mechanics, 
an<4 it is precisely with this object in view that Planck has been 
led to introduce the idea of quanta. Planck’s quantum theory 
is, therefore, properl)’ speaking, a new or modified system of 
statistical mechanics, now usually referred to as quantum me¬ 
chanics. It happens, however, that Planck was led to his 
revolutionary changes by considerations based upon the observed 
facts of radiation, and for this reason the term quantum theory 
of radiation is frequently employed. Radiation affords, as a 
matter of fact, one illustration, and a very striking one, oj the 
applicability of the new mechanics. But even the success which 
has attended Planck’s treatment of radiation problems would 
scared)' have sufficed to gain for his views that prominence 
which they now have, had it not been for the satisfactory 
explanation which his theory offers at the same time tor the 
heat content of substances and the variation i of the Reat content 
with temperature. The idea of energy quanta has be?n applied 
in recent years to other types of physicb-chemical phenomena, 
some of which will be considered. It*will be assumed, in Jhe 
treataiejjt of the subjpct-maliter f dealt with ip*this volume’ that' 

tii ’ 
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the reader is familiar with the principles’ of elerfterrtary krn^ic m 
theory and the principles of thermodynamics already discussed 
in Volumes I. and 11. Sflch of these principles and results as 
may be required will be introduced therefore without further, 
explanation* 

It will be observed that there is*a change of attitude in thfe ‘ 
mode of dealing with the experimental material in this volume 
as compared with the attitude adopted in the preceding volumes. 
The theoretical concepts made use of in Volumes 1. and 11. have 
become classical to a large extent, and the treatment resolves 
itself into a brief account of underlying principles followed by 
a systematic application of these principles to phenomena char¬ 
acteristic of systems which had attained equilibrium or were 
tending towards equilibrium. In the present volume, however, 
the underlying ideas, i.e. those involved in the quantum *theory, 
have not as yet been fully accepted, at least in their present 
form. The position of the quantum theoiy is to a certain 
extent undefined. The physical significance of what is meant by 
a quantum of energy or, in a stricter sense, the quantum of 
action, is still vague. The present position has been summarised 
by Sir William Bragg in the words: “ His [Planck’s] hypothesis 
is not so much an attempt to explain as a focussing of all the 
difficulties into one; so that, if this master difficulty is overcome, 
a number of others melt away ”. In view of what has just been 
said, it will be readily appreciated that many of the experimental 
investigations referred to in the present volume have been carried 
out primarily with the object of testing the validity of the 
quantum hypothesis itself, and as this can be done most effec¬ 
tively by the intensive examination of individual fields of research, 
the information available at the present time is of a somewhat 
detached character. For this reason, therefore, relatively little 
stress is laid upon the system of classification already adopted 
in Volumes I. and II. The reader should be able to assign for 
himself any phenomenon or property under consideration to one 
or other of the two categories, i.e. the phenomenon is charac¬ 
teristic either of a system in steady equilibrium or of a system in 
‘•process of change. Naturally with the progress of investigation 
it will become feasible ultimately to classify phenomena as has 
been done in the preceding volumes; but for the present the 
interest % ceutres elsewhere, vif. on the validity of the underlying 
hypothesis itsey, It is well that the reader should appreciate 
this state of affairs at* the outset. 



PREFACE TO THE THIRD EDITION 
OF VOLUME III. 


FOR this edition Volume III. has been entirely revised and largely 
extended in order to make the treatment as comprehensive as 


In the case of a subject such as the physico-chemical as[)ect of 
the quantum theory, which is not only expanding rapidly but also 
undergoing mollification, it is exceedingly difficult to carry out the 
process of selection and condensation in a satisfactory way. For 
criticisms and suggestions the author has pleasure in thanking 
various colleagues and friends, in particular Mr. James Rice, 
M.A., senior lecturer in Physics; Mr. A. McKeown, M.Sc., and 
Mr. lv. 0. Griffith, M.Sc., lecturers in Physical Chemistry of the 
University of Liverpool, who have contributed certain of the 


Appendices dealing with aspects of thg fcu-bjpot .with which they 
are specially" conversant.' * # 

w. r c.’m. jj'WIS. 


DhPARTMKNl OF PHYSICAL ClHiMISTLY, 
UNIVLRsnV OF LiVI'KI'OOL, 



TABLE OF CONTENTS OF VOLUME III. 


Introduciouy Note 


PAGE 

Vlt 


CHAPTER 1 

Definitions-Probability-Statistical mechanics--Entropy and thermodynamic 
probability— Pnnuplr ol equipartilion of energy among degrees ol fieedom 
- Application ol the equipaititmn pt inciple to specific beats and to udiation 
phenomena—Necessity ol modifying the principle of cquipartition 


CHAPTER II. 


Planck’s concept of quanta—Planck’s ladiation foimula 


35 


CHAPTER III. 


Energy content of solids -Theory of atomic heat of solids - Equations of I‘.in stein, 

Nernst-Lindemann, and Debye.52 


CHAPTER IV. 


Energy content of gases—Molecular heats of gases—Infia-red absorption 

spectia of gases -Degradation theory ol gases.82 


CHAPTER V. 

Atomic and molecular structure—Distribution of electrons in atoms—Structure 
of the atom fiom the standpoint of the quantum theory- 'Kutherlord- 
Bohr atom model—High frequency spectra—Moseley’s relation—Infra-r^d 
absorption spectra of gases—Parson’s magneton—G. N. Lcwis-Langmuir 
atom model—The Whittaker-Ewing magnetic model . 115 


CHAPTER VI. 

Physico-chemical change in heterogeneous systems—Vaporisation and sub- 
limation—Fusion—Thermionics and contact potentials—Normal ph^tgi* 
el«ctri«»elTect—Selective a photo-electrm effect . ‘ 1 . 1Q3 

.* 

IX 




X 


TABLE OF CONTENTS OF VOL. Ill 


CHAPTER VII. 

PAGE 

Physico-chemical change in homogeneous systems—Ionisation and resonance 
potentials- -Photochemical reactions: Einstein's law of th„. photochemical 
equivalent—Photochemical sensitisation—Thermal reactions in homo 
gcttcous Systems: reaction velocity from the standpoint of the quantu/n 
theory. . . . V92 . 


CHAPTER VIII. 


Energetics ol the ionic crystal lattice, and the affinity of atoms lor electrons- 

The molecular ciystal lattice—Moleculai and atomic magnetic forces . 247 


CHAPTER IX. 

Systems m chemical equililmum—Relation between Nernst’s heat theoicm and 
the quantum theoiy -Mass action equilibrium and the heat of icaction in 
terms ol the quantum theory.2f>7 


APPENDICES. 

I. Maxwell’s distiihution law and the jiiincipk ol iquipai tition ol rncigv . 2yq 

II. foundations ol the quantum theory ...... 3r3 

III. “ Picscnt status of the constants and verification ol the laws of theimal 


ladiation of a unifoimly healed cnclosuie ” . . 334 

IV. Sonuiicileld’s modification ol liohi’s theoiy of the atom . . 338 

V. The conespoiidence pimcipk . . 333 

VI. Molecular rotations and mfia-red absoiption spectia of gases (1 371 

VII. hmsti 111’s law ol the photochemical equivalent . . 375 

VIII. 'fhe dimensions of the chemical constant . 356 

Subject Index . . ... .303 

Author Index . . . . 305 



CHAPTER I 


\ 

\ 

Definitions—Probability * -Statistical mechanic 1 — Kntropy and thermodynamics pro¬ 
bability— Prinup'e of cquipart tinn of kinetic encigv among digiees of friedom 
—Application of tht tquipaitilion pin cijilc to specific heats and radiation pheno¬ 
mena—Necessity of modifying the pi maple of cquipaitition. 

DkI'INITION OF StU’ISTK’AI. Mechanics. 

In whalVc may call classical mc( hanics, developed m the first instance 
by Newton, we become acquainted wilh the concepts of mass, length, 
and time as the fundam Mila I physical quanlities, and fiom these we 
pass on to derived concepts, such as velocity, acceleration, force, and 
energy, by means of which we army at certain piiuciples and laws 
which govern physical phenomena. We say that we have “explained ” 
a physical or chemical phenomenon, when we can restate it in terms of 
mechanics; that is, when we can show that the phenomenon in question 
is to be anticipated on the basis ol a number of mechanical principles 
logically applied. In Volume I. we have seen how the application of 
nun hanics to the small discrete particles, which we recognise as mole¬ 
cules and atoms, leads to a reasonable explanation of many physico¬ 
chemical phenomena. We have restricted ourselves, however, hitherto 
by certain simplifying assumptions, i.r. we have dealt with systems of 
molecules us though all the molecules possessed exactly the same value 
for their velocity and therefore for their kinetic energy, throughout the 
given mass of material, an elementary gas, for example. It is known, 
however, that such an assumption is by no means true. We have 
already indicated this in Chap. L, Vol. I, when referring to the distri¬ 
bution of velocities among a large number of gas molecules in terms 
of Maxwell’s distribution law. It is ti ue that all our experimental 
measurements deal with average effects, and hence by regaidmg every 
molecule as m an average state and applying the principles of mechanics, 
we are able to arrive at a number of very important and useful con¬ 
clusions in terms of the elementary kinetic theory, for which we find, 
experimental evidence. 

This mode of treatment, however, has its limitations. Certain prob¬ 
lems present themselves which we are quite unable to solve on the 
basis of the elementary kinetic theory. «We have already nfe^n number 
of these in Volume II.. and have shown ho\^ they may be dealt with 
from the standpoint of thermodynamics. »I5y way of illustration we 
may cite : the relation between the lowering of vapour piessure,.lower¬ 
ing «f frgezing point, arid rise ftf bailing point of a liquid as qfresult of 
VOL. III. , 
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dissolving some substance in the liquid; the variatiorvof the pre^urd* 
of saturated vapour with temperature in terms of the latent hqat of 
vaporisation; the variation of the equi|ibrium constant of a cjiemical 
reaction wjjth temperature and pressure; the’’electromotive force of 
reversible cells; the relation between the heat of reactiop and the 
chemical affinity of the process. • * 

The laws of thermodynamics are not, however, in the first place, 
mechanical laws—though we shall see later that the second law pos¬ 
sesses a statistical mechanical basis—but are founded essentially upon 
experience; they are taken to be true, because no phenomenon or 
process in nature contradicts them. The characteristic feature of 
thermodynamical treatment is, as we have already seen, that the results 
obtained involve no assumption regarding the molecular structure 
of the system under consideration. Thermodynamical deductions are 
therefore perfectly general, in the sense that they hold good quite 
apart from specific molecular theories. It is important to point out 
that mechanics likewise furnishes a general mode of treatment, known 
as generalised dynamics , by which certain physico-chemical results may 
be obtained, the line of reasoning followed being to a certain extent 
analogous to thermodynamic reasoning in that no particular assumption 
is made regarding the molecular structure and molecular properties of 
the system investigated. We treat the v stem as a whole and do not 
attempt to deal with each molecule indiv.dually. 

The best account of the applications of generalised dynamics to 
physico-chemical problems is that of Sir J. J. Thomson, in his book 
Applications of Dynamics to Physics and Chemistry. Among the prob¬ 
lems solved by this method are: the process of evaporation (includ¬ 
ing the effect of electric charge upon die vapour pressure), the effect of 
an inert gas upon the value of the saturated vapour pressure; certain 
properties of dilute solutions, such as the lowering of the vapour pres¬ 
sure of the solvent by addition of solute, and the lowering of the 
freezing point by the solute; the deduction of the law of mass action, 
as expressed in the equilibrium constant, the equilibrium constant 
being shown to be an explicit function of the temperature; the 
principle of mobile equilibrium ; the effect of pressure upon the freezing 
point of a pure liquid, and the effect of pressure upon the solubility of 
one substance in another ; the phenomenon of adsorption ; the relation 
between the electromotive force and “ the chemical change producing 
it ” ; and other problems. 

It is evident from this enumeration that the methods of generalised 
dynamics are of wide applicability. No attempt is made, however, to 
pursue this method in the present volume. Suffice it to say that 
generalised dynamics is based upon a general principle embodied in 
Hamiltdhh and Lagrange’s functions. These “hardly require a more 
detailed knowledge of the structure of the system to which they are 
applied than the conservahon of energy—the first law of thermody¬ 
namics—itself, and yet are capable of completely determining the 
motion of the system ”. Thornton compares the thermodynamical 



DEFINITION OF STATISTICAL MECHANICS • 3 

%iet*od of treatment with that 'of generalised dynamics, and points 
out that the disadvantage of the latter compared with the former, lies 
in the, feet that, fcfthe #> results 4 are expressed in terms of dynamical 
quantities, such as energy, momentum, or velocity, and # so require 
further •knowledge befqre we cajj translate them in terms of the physical 
quantities we wish to measure, such’as intensity of a current, tempera¬ 
ture, and so on ; a knowledge which in all cases we do not possess. 
The second law of thermodynamics, on the other hand, being based on 
experience, does not involve any quantity which cannot be measured in 
the laboratory.” 

It is evident that generalised dynamics and thermodynamics have 
the great merit in common that they are essentially generalisations, and 
their application does not require any specialised information such as 
that involved in the molecular kinetic theory. What has been said 
therefore jin Volume II. in regard to the advantage which this quality 
confers in the case of thermodynamics applies to much the same ex¬ 
tent to generalised dynamics. The same disadvantage manifests itself 
of course, viz. that we do not get any clearer picture of the pheno¬ 
menon in question in terms of the molecules taking part therein. 

It is very necessary, however, to attempt to deal with processes 
which are essentially molecular m terms of the molecules themselves. 
The difficulty lies in the fact that when a system consists of a very large 
number of individuals (e.g. the molecules in a gas), it is quite impossible 
to follow out the extremely complicated path pursued by each single in¬ 
dividual. In oider to advance beyond the mode of treatment employed 
in the elementary kinetic theory of Volume I.—in which we got round 
the difficulty here presented by making the certainly untrue assumption 
that irtl molecules were identical in all respects—it is necessary to proceed 
in quite a different manner by introducing a new idea into mechanics 
which will enable us to deal with physical and chemical problems in a 
more exact and logical way. This new idea—the introduction of which 
into mechanics we owe principally to Maxwell and to Boltzmann—is 
embodied in the theory of Probability. When we bring probability con¬ 
siderations into mechanics we arrive at a mode of treatment known as 
statistical mechanics By treating molecular processes from the stand¬ 
point of statistical mechanics we are able to take account of the fact 
that all the molecules are not really identical but differ from one another 
in general in respect of velocity, direction, and energy content. The 
results obtained are indeed average results—as they must be if they are 
to be amenable to experimental test—but such results represent the 
combined effect of all the molecules present, due allowance being made 
for the lack of equality in the actual contribution made by each in¬ 
dividual molecule to the total observed effect. This must nqt be taken 
as meaning that we have to calculate the particular position,•tfelocit^, 
and energy of each individual molecule at various intervals of time. 
This, as already pointed out, would be quit&*impossible. Instead, we 

• * 

1 F%r an account of this method of treatment, the readej ig referred to tllfr forth¬ 
coming worlPon General Dynamics and Statistical Mechanic aj by J» Rice, M?A. 
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take advantage of the fact that the number of the molecules involved 

in any system with which vre are concerned in physics or chemistry is 
so enormous that we are justified in dtriling with thfesc aggregations of 
molecules *in a statistical manner, by introducing the principle of proba¬ 
bility or chance into the mechanics of the process considered*. 

It is not proposed to attempt to give a systematic account of what 
may be called the principles of statistical mechanics. We are con¬ 
cerned mainly with one such principle, known as the principle of equi- 
partition of kinetic energy among degrees of freedom. We shall state 
and apply this principle later. For the present it is necessary to 
familiarise ourselves with the idea of probability. 

Pkohaiuuty. 

In a purely algebraic' sense probability may be defined as follows : 
If an event can occur in a ways and fail in b ways, each of these ways 
being equally likely, then the chance or probability of its occurring is 
aj(a + b), and the chance or probability of its failing to occur is 
bj(a + b). The sum of these two terms is necessarily unity, for the sum 
of the two probabilities covers all eventualities, i.c. the event must 
either happen or fail, and the sum represents certainty. It follows that 
methematical probability is a fractional quantity which may be small or 
large, but can never exceed unity, 1 i.c. certainty. We may illustrate 
the idea by one or two examples. Suppose we have equal numbers of 
black and wjute balls inside a bag, the bag being well shaken so as to 
destroy any possible regularity or ordered arrangement of the balls, 
what is the probability or chance that, say, a white ball will be drawn 
from the bag? Tt is evident that the chance of drawing a white*is the 
same as that of drawing a black. In other words, the probability is one 
half, for here a = b when a is the number of white and b the number of 
black balls, and a / [a + b) — 0-5 = b j (a + b). It is evident that in 
the limit, if b becomes very small compared with a , the probability 
of drawing a white increases almost to a certainty, i.c. the fraction 
aj{a + b) is nearly unity. We are here considering the probability of 
a single event occurring. Let us now' consider the probability that two 
independent events may occur simultaneously. The probability in such 
a case is easily shown " to be the product of the probabilities of the 
separate events. That is, if the probability of the first event is P„ and 
that of the second is Tb, then the probability P of both events occurring 
simultaneously is P = PjP*. Thus, if we have two bags, each con¬ 
taining a white balls and b black ones, the chance of drawing a single 
white from one bag is Pj, where P, = aj{a + b ), and the chance 
of drawing, say, a black bajl from the other bag is P 2 , where 1 \, = 
d)j(a + ''/>). The chance of drawing a white ball from the first bag 

u 

1 Whilst this is true of mathematical probability we shall find later that there is 
a quantity to which the term “thermodynamic probability” has been given, this 
quantity being in "genefal a large integral nfimber. . _ < 

■ 2 Cf., for excmpld, Hall and Knight’s Algebra. 
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^lnd^.ifnuitaneoiisly a black kill from the second bag is P whfere P = 
a ! >\{a + b)-. 'Phis simple gelation between the probabilities of two 
separate events ant^ the probability that both will occur simultaneously 
is. of great importance*'and wifi be made use of later. Let us now 
cdnsidej" gne or two cases which possess a more distinctly chemical 
character. * ** 

T ie fust which we shaft take is the elementary deduction ol the law 
of mass action gi\en in Vol. I., (.'hip. III. Suppose we have a gaseous 
system containing n a molecules of the substance A, and n b molecules 
of the sulManee 11 The probability of a collision between a single 
molecule of A and a single molecule of 11 is the product of the fiactional 
concentration of each, for a collision is analogous to two events 
happening simultaneously, which we have just seen depends upon the 
product of two single chances, each of which is repiesented by the 
fractional concentration of A and 11 respectively. 

We ought regard the problem in the following way. Suppose that 
v is the molecular volume, i.c. the actual volume “occupied” by or 
allotted to any single molecule of A or 15 in the mixtuie. Let V be the 
total volume. Then, V — ( n a + n b )v. Suppose for the moment that 
there is only one molecule of A piesent. Then the chance that this 
molecule would occupy a given volume v at a given instant of time 
would be the latio of this volume to the total volume, i.c. the ratio vJV 
or i j(n a + // h ). Since there art n a molecules of the substance A actually 
present, the chance that any one of ihem occupies a certain “position” 
or space v is given by the ratio n a i{n a + n b ). This term is likewise the 
fractional concentration ol the substance A. The chance that any 
11 molecule occupies the same position is given by the expression 
n b j{tt i f+ // 6 ). Lt a molecule of A and a molecule of 11 occupy the 
same position together, this is equivalent to a collision, and hence the 
chance of a collision is the product of the fractional com nitrations. 

If the reaction required say two molecules of A to meet one molecule 

of 15 simultaneously the chance of this occurring is ( “ | . b - 

\"« + V "a + /l b 

which finally takes the form: rate of collision = X’C J (t . C b , for the total 
volume is proportional to the total number of molecules present. 

These simple probability ideas may also be used to account for the 
influence exerted upon the collision frequency by the fact that in actual 
gaseous systems the molecules possess volume. Thus if r is the radius 
of a molecule, and / the average distance between two molecules, then 
when a molecule moves over a distance / it sweeps oul a cylinder the 
cross-section ol which is irr- and the length /. The volume of this cylinder 
is therefore irr 2 /. Each molecule has, on the aveiage, a free space 
allotted to it which is a cube of volume P. Hence, as far as # the radius 
affects the question, the chance of one molecule encountering** nothty 
is irr-ljp or itr 2 jp. If the average velocity is m, the tiifle of a journey 
between two successive collisions is Iju. Hence the number of en¬ 
counters per second is (ujl ) x chance of collision = uirr 2 jP. ^•Tlfis 
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quantity'is obviously a constant for a particular gas at constant tempera* 
ture, and hence is really included in the proportionality factor or velocity 
constant k. t. 

Another illustration of the application of probability considerations 
is afforded by the phenomenon of coagulation of colloids by y'eotrolytes 
(cf. Whetham, Phil. Mag. [v.], 48, 474* (18^9)). It is supposed that' 
the coagulation is due solely to the neutralisation of the electrical 
charge of the colloid, and that one tiivalent ion is exactly equivalent to 
1 ’5 divalent ions, or to three univalent ions as far as coagulating efficiency 
is concerned. This is, of course, too simple an assumption, as we 
have already seen in the criticism of Schultzc’s rule (Vol. II., Chap. VIII.). 
Adopting this simple view of the effect, however, Whetham has shown 
how the numerical values obtained experimentally may be accounted 
for approximately. The coagulating power of an ion is defined as the 
reciprocal of the number of gram-equivalents of the ion whi^h are just 
capable of bringing about coagulation of a given quantity of colloid. 
Linder and Picton found that negatively charged colloidal arsenic 
sulphide could 'be coagulated by tri-, di-, or uni-valent cations, the 
relative coagulating powers being in the ratios— 

1023 : 35 : 1. 


Let us suppose that in order to produce coagulation a certain 
minimum electric charge has to be brought into contact with the 
colloidal particle, and that such conjunctions must occur with a certain 
minimum frequency thioughout the solution. We shall get equal 
charges by the conjunction of 211 trivalcnt ions, or 3/; divalent ions, 
or 6 n univalent ions, where n is any whole number. In a solution 
where ions are moving freely the probability that an ion is at any ifistant 
at a certain position is represented by a fraction which is proportional 
to the ratio between the volume occupied by the sphere of influence of 
the ion and the total volume of the solution. The probability is there¬ 
fore proportional to the concentration of the ion, and may be written 
as (Ac), where A is any constant. The probability that two such ions 
are present together is (Ac) 2 , and the chance that n such ions are 
present simultaneously at the position is (Ac)". Let us suppose that 
three solutions containing respectively tri-, di-, and uni-valent ions at 
concentrations C 3 , C 2 , and C x possess exactly the same coagulating 
power upon a given amount of a given colloid. Then, since the coagu¬ 
lating power is the same in these three cases— 

A 2n C 3 ,,!n = A 3n C 2 8n = A° B Ci 0n = a constant = B. 

Hence, the critical concentration of the trivalent ions is given by— 


B 6 “ 

T' 


c, 

j 


B*’* 

A 


and similarly 


* *■ 


Bs* 

Q = A jtnd*C 1 
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tatios in which these three concentrations stand to one another 
are— • 

* L *i 1 

Ci: C 2 : <* 3 = B 6 " : : B 3K 

I_ I 

*• = .r : B 6 '* : B 3 “. 

Putting B llr * = l/.v, the ratios can be written— 

i : l/x : l/.v 2 . 

These represent numbers which indicate relative concentrations of equal 
coagulating power. Hence the relative coagulating powers Pj, P 2 , P 3 of 
equal concentrations of these three ions are given by the reciprocal of 
the above numbers. That is— 

l\ ; P 2 : P 3 = i \ x 

The value of x, which depends upon a number of unknown factors 
characteristic of the colloid considered, cannot be found on a priori 
grounds. If we take Linder and Picton’s experiments into account and 
set x = 32, we get for the relative coagulating powers of univalent, 
divalent, and trivalent ions respectively, the values 1 : 32 : 1024. 
It will be seen that these numbers are of quite the same order of magni¬ 
tude as those observed. Whetham predicted on this basis that the 
coagulating power of a tetravalent ion on the above colloid should be 
a large number, approximately 33000. Recent measurements have 
corroborated this result in so far as an extraordinarily large coagulating 
power is actually obtained. 

The Law of Error. — It is a familiar fact in physico-chemical 
measurements that repetitions of a certain measurement give rise to a 
series of numbers which are not identical. The variations we speak of 
as experimental errors. The measurements are as likely to be too high 
as too low, that is, the errors are as often positive as negative, provided 
we make a very large number of determinations. (It is assumed that 
there is no systematic error in the apparatus or in the method of 
measurement.) The treatment of such results so as to obtain the most 
probable result, i.e. the most accurate determination, is a further illus¬ 
tration of the application of the theory of probability, somewhat more 
complex in nature than that hitherto considered. 

Thus, it is possible to construct a probability curve, by means of’ 
the probability equation given below, which has been found to agree 
closely with the actual results obtained in a series of experimental de¬ 
terminations of a given quantity. Examples will be found in a text¬ 
book of mathematics, e.g. Mellor’s Higher Mathemctfics. The large 
majority of the readings will fall very closefy together, i.e. they will 
not be far removed from the true result, a smaller number of readings 
will«be farther away on. either ^side of the true jqsuk, and only* a very' 
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small number will be much to one side-or the other. This distribution 
of values may be represented by an expression of the form— •' 


This is Known as the normal law of errors. The curve is^hown iri 
Fig. i. .v denotes the error and y th<j* r probability of its occurrence. 
As a increases numerically, positively, or ncgu'iively ,y decreases rapidly, 
and when x becomes large v becomes vanishingly small. It will be 
observed that the curve is symmetrical. 

Ma.xivd/'s Law .—Maxwell has applied the principle of probab lity 
to the problem of the distribution of velocities among the molecules of 
a gas, the gas being in a condition of statistical equilibrium at a uni¬ 
form temperatuie throughout. A gas is to be legal tied as a molecular 
chaos, the speed of any molecule varying bom zero to infinity, its in¬ 



stantaneous value being the result of chance collisions with its neigh¬ 
bours. Although all values are theoretically possible for the speed of 
a molecule, it is found that in a system containing a large number of 
molecules, there are very few possessing eithei very great or very small 
speeds. The majority of the molecules possess speeds which lie within 
relatively restricted limits. A numerical illustration taken from Meyer’s 
Kinetic Theory of Gases is given in Appendix 1 . 

There are, as a matter of laet, two ways of expressing Maxwell’s 
law of .distribution. One of these wujs has already been stated in 
Chap. I., Vol. 1 . This way of expressing the law may be put in the 
form— 

‘ dn = constant x‘ N x t ~ acB / c2 • d-. dc 

* ‘ 

where N is the total numbei of molecules in the system, and dn is the 
number whose speeds he between the limits c and c + dc. It is to 
be clearly ^understood .that the speed hertT referred to is simply a t velocity 
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* mlgftitude,*and no restriction has been introduced as to direction of 
mo’tion.'. The term c is Juiovvn as the root-mean-square speed (or 
r-m'-s speed), ^t a given temperature tfie system is characterised by 
a certain mean or average Wnetie i nergy of its molecules, which is 
maintained as long as the temperature is maintained constant. This 

• average Kinetic enei£y may lit* written as N me', where c- is the sum 
of the s(]uaies of the vehfc'ities of all the molecules at any given instant 
divided by N. This r-m-s speed is not the same thing as the mean or 
average speed, which is simply the sum of all the velocities divided by 
N, though the two quantities aie not very different numerically. The 
above way of expiessiug Maxwells law, i.c. the above expression, is of 
the general form : v - u*V ~ x ", which, it is to be observed, is not identical 
with the normal law oi eriors. The resulting curve is, in fact, not 
symmetrical. The alternative mode of expressing Maxwell’s law where¬ 
in the curve is symmetneal, and the distinction between the two modes, 
is considered in Appendix I. 

Maxwell’s law expresses the distribution of velocities as a continuous 
function of the number of molecules piesent. That is, the speed of one 
molecule nu) differ by any amount (down to the infinitesimally small) 
from the speed of any other molecule. When we come to consider 
the quantum theory we shall find continuous functions replaced by dis¬ 
continuous ones, i c. abrupt changes m finite small steps in place of 
gradual change in infinitely small steps. 1 

It will be obseived that Maxwell’s expiession involves the squares of 
velocities. Suice the kinetic energy of a molecule depends upon the 
square of its velocity, it should be possible, on similar lines, to express 
the distribution of kinetic energy amongst the molecules constituting 
a g*s system. If we denote by dn the number of molecules which 
possess kinetic energy lying between the limits E and E + dli, it can be 
shown that at a given temperature— 

dn — constant x N x e l/Al . EE r/E 

where N is the total number of molecules, and k the gas constant per 
molecule k -- E/N„, where R is the gas constant per gram-molecule, 
and N„ is the number of molecules in 1 gram-molecule). 

Euither, potential energy of moleiulcs may be considered as dis¬ 
tributed in an analogous manner. We are here considering the 
potential energy of a molecule, flee from mtermoleculai forces (as in 
the case of a perfect gas), the molecules being placed, however, in a 
field of force and the potential energy being due to this field of force,, 
which might be conceived of as originating in some external body- A 
good example is the earth’s gravitational field which acts on a column 

1 This statement must not be taken as meaning that the distribution of kinetic 
energy of translation takes place m the discontinuous manper postinSted byihe 
quantum theory. The quantum theory applies only to energy the vibrational or 
rotational type, i.c. motion with respect to some Jixed centre of gravity. Free 
translational motion—such as that considered above—must be treated in a gon- 
tinuoqp manner, the velocity being#capable of changing by an infmiidy small' 
amount. • “ 
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of gas in such a way that the molecules are more dense in the linger f 
portion of the column than in the upper. ^Denoting potential' energy 
by W,‘ we can state that the dumber of molecules, the, potential .energy 

of which lies between W and W + dW, ii given by— . . 

* 

dn = constant x N x*<r" w /* T . dPN. 

We can integrate this to obtain the number n x of molecules of a 
perfect gas (in equilibrium in a field of force at a uniform temperature) 
which possess potential energy W 1( that is all values from zero up to W r 

If the total number of molecules in the system be N, the expression 

is n x = N(i — e~ w il kr ). 

If we introduce the Avogadro constant N 0 , i.e. the number of mole¬ 
cules in one gram-molecule, the above expression becomes— 

« 1 = N(i - e~\ w il Ht ), ‘ 

where R is the gas constant per gram-molecule. 

It follows from this that the number of molecules which possess 
potential energy between and infinity is (i - n x ) which is equal to 

Nt'- W i/* T or N(.’“V v i/ KT . 

Distribution of Molecular Velocities and Temperature. —On the kin¬ 
etic theory it is to be expected that the temperature of a gas should 
be expressible in purely mechanical terms. We are already familiar 
with the concept that temperature is measured by the kinetic energy of 
the molecules. In view of the distribution of velocities and therefore 
of kinetic energy, among molecules, as expressed in Maxwell’s lav, it 
is evident that the kinetic energy of a given individual molecule may be 
very different from that possessed by another molecule of the same 
system. Further, the kinetic energy of one and the same molecule 
varies from moment to moment as a result of collisions. The tempera¬ 
ture of the system—measured in the ordinary way, by means of a ther¬ 
mometer—is a perfectly definite quantity for the gas system as a whole 
in the steady state. The temperature, in fact, is determined by the 
average kinetic energy. It is therefore meaningless to speak of the 
temperature of a single molecule in a gas. Temperature is essentially 
a statistical effect due to the presence of a large number of molecules 
each contributing its own share to the total effect. Two independent 
systems are at the same temperature when the average kinetic energy 
of each is the same. This is true whether the systems be gaseous, 
liquid, or solid, homogeneous or heterogeneous. 

It will be appreciated at the same time that pressure is likewise a 
statistical*effect. A single gas molecule cannot be conceived of ,as 
exerting observable pressure, though each molecule exerts a certain 
force against the walls of th\* containing vessel, the total effects of which, 
whon pumerous molecules take part, is manifested as a uniform gas 
pressure " 41 
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Entropy and Thermodynamic Probability. 

• 

It*is proposed to indicate how the second law of thermodynamics 
• can‘be deduce,d on'the basil of statistical mechanics. This was first 
’ demonstrated by Boltzmann. Hitherto wc have regarded the second 
kw as a law of experience, if? validity depending upon the fact that no 
contradiction to it has b%en met with in nature. It is important to see 
that this law possesses at the same time a mechanical basis. The 
demonstration consists in showing the connection between the entropy 
of a system—the concept of entropy involving necessarily the concept 
of the second law—and a statistical quantity known as the thermo¬ 
dynamic probability of the system. 

It is necessary to recall first of all what is meant by thermodynamical 
equilibrium, as stated in terms of entropy, that is, as stated in terms of 
the second law. Planck’s definition of such equilibrium is as follows 
{cf. Planck, Theory of Heat Radiation , English ed., p. 22): “A system 
of bodies of arbitrary nature, shape, and position, which is at rest and 
is surrounded by a rigid cover impermeable to heat, will, no matter what 
its initial state may be, pass in the course of time into a permanent 
state in which the temperature of all bodies in the system is the same. 
This is the state of thermodynamic equilibrium, in which the entropy 
of the system has the maximum value, compatible with the total energy 
of the system as fixed by the initial conditions. This state being reached 
no further increase in entropy is possible.” 

We know that heat, from the kinetic molecular point of view, is 
represented by the kinetic energy of the molecules of a system, the 
molecules moving about in a completely chaotic manner as a result of 
collisions. Owing to collisions any ordered arrangement which the mole¬ 
cules might be conceived of as possessing initially would be quickly 
annulled, and completely disordered distribution, both as to position 
and to molecular velocities, would ensue. This represents the direction 
of change in any spontaneous or naturally occurring process. That is, 
from the molecular standpoint a system always changes from an ordered 
to a chaotic state, and the change will go on until the molecular motion 
has become as disordered as possible. When this stage is reached, 
there is no longer any reason for further change. When equilibrium is 
reached the system has at the same time reached a maximum disorder or 
“ mixed-up-ness ”. This involves the idea that a system in equilibrium 
possesses a maximum value of the probability of the state, the probability 
here referred to dealing with possible modes of molecular arrangement 
and velocity. We may call this the thermodynamic probability. 

According to Boltzmann the thermodynamic probability of an ideal 
monatomic gas is a number which denotes by how many times or by 
how much the actual state of a gas system is more probable than a 
state of the same gas system ( i.e . possessing .the safrfc total energy* and 
volume) in which the molecules are equally spaced and all possess the 
same velocity. This “ standard ”. state represents perfect yrder or 
ar&nggment of the molecules? It is of course sievef realisdd,lh practice 
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owing to t<he disorder brought about as a result of collisions. Trfe 
standard state represents the stage furthest ayyay from the equilibrium 
state finally attained by the ^as, in which final statg the system’ is 
completely chaotic. The. probability of disorder is very much greater 
than the probability of complete order. ( 

The thermodynamic probability of lifts “standard” state (that is 
the probability of complete order) is taken to be unity. It follows there¬ 
fore that the thennodynaniic probability of a real equilibrium state is 
an integral number usually much greater than unity. Thermodynamic 
probability differs therefore from mathematicil probability in that the 
latter is always a fractional quantity, i.e. it denotes the ratio of the 
number of favourable cases to the total number of possible cases. 
Thermodynamic probability is pioportional to, but is not identical with, 
mathematical proballilitv, 

It has just been stated that a system in equilibrium possesses a dis¬ 
tribution or arrangement which is characterised by a maximum \dlue for 
the thermodynamical probability of the state. It is necessary before 
going further to give a somewhat more conciete idea of what we mean 
by states or arrangements and the probability of arrangements. Let us 
leave the problem of molecules and turn to a very simple kind of 
system which can undergo various ariangements. 

Let us suppose that we have two squares or areas denoted by the 
symbols I and 11, and further let us suppose that wc have five letters, 
a , b, c, d, e, and we wish to distribute or arrange these letters between 
the squares in every possible way. It is evident that all possible ways 
are included in the following :— 




First arrangement 


Second arrangement 


3rd 

4th 

5*h 

6th 


Xhird arrangement — 


8th 
gth 
10th 
nth 
i2t<h 
13 th 
14th 
15th 
16th 


It 

II 

U 

11 

ii 

i» 

• 

ft. * 




11. 

Nature ol Arrangement. <■ 

the letters is 

abede 

— 

Ail letters in I none in 11 . 

— 

the letters is 

abed 

e 

Four letters in squaie I; one 


abce 

d 

letter in 11. 1 heie are live 

II J! 

abde 

c 

war s of producing this ar- 

1* I* 

aede 

b 

rangement or distribution. 

II II 

bede 

II 


the letteis is 

abc 

de 

Three letters in square I; two 


abd 

ce 

letters in square II. There 


acd 

be 

are ten ways of producing 


bed 

ae 

this arrangement or dis- 


abc 

cd 

tribution. 


ace 

bd 



bee 

ad 



ade 

be 



bde 

ac 



ede 

tfa 

* 

* 


.. _ %. 
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We now begin with an arrangement similar to the first*, but place 
all.the' five letters in sqiare II and nope in square 1 . Similarly we 
can. interchange* squares I and II in the other two arrangements, so 
that in all, there are six arrangements possible in this system, and in 
all, thirty-two different ww^n which these six arrangements or dis¬ 
tributions may be cariied out. Each of these wavs is analogous to 
a “ complexion ” on B&lt/.mann's nomenclature. Every way or com¬ 
plexion is to be regarded as equally probable. It is very necessary to 
distinguish between arrangement or clisti ibution and complexion. Thus 
in the first case, the arrangement is five letters in squaie I, none in 
square II. Theie is only one way or complexion of doing this. In 
the second ariangement, which consists of four letteis m square I and 
one letter in square II, there an* five wa\ s or complexions of doing 
this. It is simply a question of combinations. Thus there are five 
letters Jo be divided in such a way that, four .ire in one square, one in 
another square. The number of possible ways of doing this particular 

j 

= 5. Tn the thud auungement 01 distribution 


distribution is 


14 


we have to distribute the letteis so that there aie always thiee in 
square 1 and two in square II. There are ten wans 01 complexions 
corresponding to this single distiibution. This number is given by 

^ = 10. Note that the problem is not 7 t’/iu/i letters are in the 

3 ! 2 * 

squares, but how many different wa>s can they be divided to cor¬ 
respond with any particular arrangement, such as three letters in one 
square, two in the other. 

• If instead of live letters we had N letters and divided them between 
two squares, in such a way that n letters are in squaie I and N-« letters 
in square II, the possible ways or complexions possible to this particular 
distribution arc— 


,N 

'N — n n 


If, instead of two squares, we had >n squares, the total number of 
complexions in a particular distribution would be given by— 

_^ N 

"l »! !«.l • • ■ "m 

0 

where //, + n., + n. A + . . . n m = N. 

To return to the simple case of five letters and two spaces. We 
have seen that there are six possible arrangements or distributions, viz., 

(5) (o) ; (4) (0; (;>) ( 2 ); (°) (s); (0 ( 4 ); ( 2 ).(3)- *l»th of these 

arrangements has its own number of ways* or complexions. Thus for 
arrangement (5) (o), the number of complexions is one. For arrange¬ 
ment (4) (1), the number of complexions is five; for arrangement 
( 3 ) M, ^ the number of complexions is tcry Similar ^timbers of 
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complexions are found in the remaining arrangements or' distributions. 
It is evident that the arrangement (3) (2)* has the same number of 
complexions as the arrangement (2) (3), and that either of thesje two 
arrangements or distributions possesses 1?he maximum number of com- ■ 
plexions. But the number of complexions is identical with the^hermo- 
dynamic probability of the particular distribution under consideration. 
Either of the systems (3) (2) or (2) (3) possesses the maximum proba¬ 
bility. Either distribution represents therefore the equilibrium dis¬ 
tribution. The distribution (3) (2) or (2) (3) is the most likely 
distribution of five letters scattered at random between two squares. 
The equilibrium distribution in the above system is ten times more 
likely than the distribution (5) (o) or the distribution (o) (5), for the 
latter only possesses one complexion whilst the equilibrium distribution 
possesses ten. 

The choice of five letters has somewhat obscured an important 
point in that we are led to two distributions of equal maximum 
probability. To find a closer analogue to the actual case of molecular 
systems containing an enormous number of molecules it is better to 
choose as the simplest model the distributions of six letters between 
two squares. With this system we have the following distributions 
and corresponding complexion-number for each distribution :— 


1st distribution or arrangement 
2nd .I ,, 

3rd 

4th it 11 

5th 

6th ,, ,, 

7th „ „ 




Complexion 

Number 

6 letters in I 

0 letters in II 

I 

5 *> »» 

t *4 M 

6 

4 »> »» 

^ » J t J 

15 . 

3 »» 

3 41 I» 

2D 


4 >» 

15 


5 n 

0 

O ,, ) y 

^ >1 »» 

I 


Total number of complexions = 64 


The single arrangement or distribution which contains the maximum 
number of complexions is that represented by three letters in each 
square. This distribution has therefore the maximum probability, i.e. 
it is the one most likely to occur if six letters be scattered at random 
over two squares. This distribution is consequently the “equilibrium” 
distribution of the constituents of this system which consists of six 
letters. • 

Now let us apply this idea to a system of molecules. In this case 
also that distribution or arrangement which has the greatest number 
of qompldjdons or ways is the most probable arrangement, its degree 
of probability, oi 4 simply * its probability, being measured numerically 
by the number of complexions possible to it. The most probable 
distribution is the equilibrium distribution or state or condition of the 
system. A system changes in the sense that it 1 tends to approach and 
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* finally reach arl equilibrium state. In this state the number of possible 
complexions is a maximum* i.e. greater than the number of complexions 
in any other distribution of the constituents* of the system. A maximum 
number of complexions is iderlical with the idea of maximum disorder 
or maxiqgum molecular chaos.^ 

■ • In' all spontaneous processes the. thermodynamical probability tends 

to reach a maximum. Bill on purely thermodynamical grounds we know 
that in spontaneous processes the entropy of a system tends towards 
a maximum value consistent with the total energy of the system. It 
follows, therefore, that there must be some close relation between the 
thermodynamical probability of a state and the entropy of the state. 
We can express this by writing— 

S = F(ze), 

where S # is the entropy of the system in any state, not necessarily the 
equilibrium state, zv the thei modynamic probability of the same state, 
and F is some function still to be determined. To determine the nature 
of F, let us suppose that we have two independent systems, each one 
in a definite state, the entropy of the first being denoted by S u the 
probability of the state or arrangement of the first system being the 
entropy of the second system being S a , and the probability of the state 
of the second system being zv.,. We then have the relations— 

Si - F( Wl ) 

So = V(7t'u)- 

The total entropy S of the two systems taken together is the sum of 
the separate entropies. That is— 

s = Sj + S, = F( w x ) + F(w 2 ). 

Since the particular state or arrangement of the first system can be 
realised by selecting any one of the w v complexions (contained in pr 
characteristic of that arrangement or state) and similarly for the second 
system, it follow's that the state or arrangement of the combined 
system can be realised by selecting any one of the w x complexions of 
the first and combining them with the zv 2 complexions of the second. 
That is, the compound arrangement is obtained by selecting any one 
of the w x and zv 2 complexions. That is, the probability w of the 
compound state is zv x x w 2 . 

But for the compound system we have the relation : S = F (w). 
Hence from the above we get: S = F(wj. zv 2 ). But we have already' 
seen that S = F(zej) + F(?*o). Hence, F(7 Cj . w 2 ) = F(h/j) +‘¥(w 2 ). 

The only function which will satisfy this relation is the logarithmic 
one, i.e. log xy = log x + log y. > 

Hence, the connection between the thermodynarjiic probability and 
the entropy of a system is given by the relatiort :— * 

Entropy oc log, Probabilitj 
or . S # = k log, W, 

* 
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where k ts a constant independent of the chemical natufe of the system^" 
and independent of the conditions under which the system is examined. 

A more general form of the above expression is— 

f 

S = k log W + Constant. 


We have now to find out the significance of tlie universal constant^. ‘ 
To do this we make use of a statistica? expression arrived at by 
Boltzmann for the entropy of a perfect monatomic gas. A monatomic 
gas is one in which the total or internal energy U is due entirely to the 
kinetic energy of the molecules. Boltzmann’s expression is— 


S = 3/2/f’N log U + /cN log v + K 


where U and k are defined above, N is the number of molecules in the 
system, v the volume of the system, and K is a constant independent of 
the energy and volume but involving the number and ma^s of the 
molecules. It has already been shown in Volume II. that the following 
purely thermodynamical relation holds good :— 

as 1 DU 
DT “ T ST' 


Differentiating Boltzmann’s expression for the entropy of a perfect 
monatomic gas we obtain :— 


dt 


3/2/tN 


1 DU 
U ' *>T’ 


Hence U — 3/2^’NT. 

If N be taken as denoting the number of molecules in one gram-mole¬ 
cule, then U denotes the total energy of one gram-molecule of monatomic 
gas. 

But we have already seen (Vol. I.) that in the case of a pet feci gas, 
the total kinetic energy of all the molecules foiming one gram-molecule 
is 3/2RT, where R is the gas constant per gram-molecule. Further, 
in the case of a monatomic gas the energy, as will be shown later, is 
entirely kinetic. Hence for one gram-molecule of a monatomic gas : 
U = 3/2RT. 

It follows, therefore, that— 

N k = R, 


or k is the gas constant per single molecule. 

Further, in the case of a perfect gas, 3/2R = C„ where C r is the 
granwnolecular heat at constant volume. Hence the equation of 
Boltzmann for the monatomic gas becomes— 

S = C„ log T + R log v + K x 

where S now deanbtes thp entropy of one gram-molecule. This expres¬ 
sion is in complete agreement with that already deduced in Volume II, 
0^ thermodynamical grounds, viz ..:— 

log T 1 $. log v •+ S 1 
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Hf we 'identify Sj with K r This- constant represents the value of the 
entropy Under certain conditions. On purely thermodynamical grounds 
it is legitimate to consider that the entropy may assume in general' any 
value whatsoever, positive or negative, and that therefore all that we can 
measure $ the change in entropl resulting from a physical or chemical 
*pr®cess. It will be pointed out later in dealing with Nernst’s Heat 
Theorem that, according totPlanck, the Heat Theorem itself is equivalent 
to regarding the entropy of all substances as zero at the absolute zero 
of temperature, and possessing therefore a positive value at all other 
temperatures. 1 This gives us a starting point from which to calculate 
not only change in entropy but its absolute value under given conditions. 
This likewise agrees with the simplified expression : S = k log W in 
which W has been defined as a quantity greater than unity, and con¬ 
sequently S is essentially positive. Of course, if we retain the constant 
in the expression : S — k log W + constant, the value of S may be 
positive (?r negative, depending upon the magnitude and sign of the 
integration constant whether W itself is greater than unity or not. 
Classical statistical mechanics, which did not attempt to assign any 
particular limit to the value of the entropy, is represented by the above 
expression. If we assume with Planck that the integration constant is 
zero, and remembering that W as defined above is greater than unity, it 
follows that S is a positive term becoming zero at absolute zero. This 
is equivalent to assuming the quantum hypothesis. 

The general position which we have now reached as a result of 
the considerations dealt with in this section may be summarised as 
follows:— 

The second law of thermodynamics, regarded as a law of experience, 
stater* that, whilst work may always be completely converted into heat, 
heat on the other hand cannot be completely converted into work. In 
other words, all natural spontaneous processes are thermodynamically 
irreversible. In mechanics we deal only with reversible processes, and 
from the standpoint of mechanics alone we would expect heat to be as 
readily convertible into work as work into heat. Since this is not the 
case there must be something characteristic of molecular systems to 
which the irreversibility is due. This “something” is discovered in the 
fact that heat consists of a chaotic motion of the molecules, and that as 
a result of collisions this motion tends to become as chaotic or disordered 
as possible. In other words, the irreversibility which finds expression in 
the second law of thermodynamics is due essentially to the fact that 
ordered motion always tends, of its own accord, to become disordered, 
and chaotic motion never tends, of its own accord, to become ordered.. 

This statement is a statement of the second law- of thermodynamics 

not expressed simply as a result of experience but in terms of statistical 

* 

1 According to Planck this assumption is “ the ve^y quintessence of the hypo¬ 
thesis of quanta”. It must be pointed out that whilst this assumption makes the 
theory of quanta and Nernst’s Heat Theorem agree, it is not essential to the deduc¬ 
tion of the heat theorem itself, which only requires that the entropy of all substanpes 
at absAute^ero shall be the same , but^iot necessarily zero, m 
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mechanics. Wc have therefore found-a mechanical bash* for the second*' 
law. t 

It is obvious at the same time why Gibbs gai^e the significance 
“ mixed-up-ness ” to the concept of entropy; f6'r maximum mixed-up¬ 
ness means! on the mechanical view maximum stability or equilibrium, 
and hence when equilibrium exisis the r entropy is a maximum'. The" 
same idea is involved in the term “ run*down-ness ” employed by 
Tolman as a descriptive mechanical term for enttopy. The latter term 
appeals to the mind as being particulaily applicable to a chemical re¬ 
action which proceeds in older to attain an equilibrium state at which 
the system will, chemically speaking, have completely “ run down 


The Principle ok Jmjui partition of Kinetic 


Knercy. 


This principle, which lias been deduced on the basis of statistical 
mechanics by Maxwell and by Boltzmann (cf. Jeans, Dynamical Theory 
of Gases), has already been employed in Chap. I. of Vol. 1 . in dealing 
with Perrin’s method of determining the Avogadro Constant from 
measurements made upon emulsions. The piinciple states that in a 
system consisting of a large number of particles (e.g. molecules) the 
kinetic energy is on the average equally distributed amongst the \arious 
degrees of freedom possessed by these particles. The first point with 
which w 7 e have to deal is the teim degree offreedom. 

A degiee of freedom is repicsented by a co-ordinate. We may 
take the term as meaning an independent mode in which a body may 
be displaced or a possible mode or direction of motion. We shall con¬ 
sider briefly the ptoblem of the number of degrees of freedom possessed 
by bodies in the gaseous and solid states of matter lespecfively. 
First of all, a word about energy m general. We are familiar with the 
two kinds of energy which mateiial systems may possess, namely, kinetic 
and potential. These “ kinds ” of energy are not to be confused with 
the “types” of energy of which w r e are about to speak. A “type” 
may consist of kinetic and potential energy together, or simply kinetic 
alone. A gas molecule can possess theoretically three types of energy, 
each of which is a function of the temperature : (t) Energy of Transla¬ 
tion ; (2) Energy of Vibration, and (3) Energy of Rotation. 

1. Energy of J'ranstation .—This type of energy is possessed in virtue 
of the free tianslational motion of the molecules along free paths 
throughout the whole of the system. The energy in this case is entirely 
kinetic. It has been repiesented diagrammatic-ally 111 Chap. 1 . of Vol. 1 . 
in connection with Pen in’s work on Biownian movement. Every gas 
molecule possesses translational motion and consequently translational 
energy. Since the direction of any movement of this kind can be repre¬ 
sented l bj the three space co-ordinates, we conclude that translational 
energy corresponds to three degrees of freedom. The energy of transla¬ 
tion is the same for any moving molecule at a given temperature. 
Further, such a molecule possesses just three degrees of freedom in re¬ 
spect 6 f translation whether the molechle be monatomic or polyatomic; 
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,. . • • ' ’ 
Ithe^constitution of a molecule does not enter into the questibn of its 
translational energy. • # 

2. Energy of liibration .—This type of energy exists in virtue of the 
oscillations of particles ’with resjleet to a fixed centre of gravity. Vibra¬ 
tion is «o»ly possible when ther| is a restoring force acting upon the 
particle which tends to make it take up a mean position. The existence 
of the restoring force is tAe factor which distinguishes vibration from 
translation and also from rotation to be mentioned later. We meet 
with vibration in the case of the atoms inside a molecule of a gas, in the 
case of electrons inside an atom, and likewise in the ease of the atoms 
composing a solid. Vibration is always a constrained movement. We 
('an conceive of vibration as corresponding either to one or to two or 
to three degrees of freedom. When we spe ik of vibration in connection 
with molecules it is always to be understood that we are referring to 
the vibrations of the atoms inside the molecule. One such atom can 


Figure Axis. 



Mean Position 



Mean Position. 


Fig. 2 (a).—Linear vibration of atoms in a diatomic 
molecule. One degree of freedom. Energy, 
kinetic + potential. 




Eig. 2 (b). — Circular 
vibration of a particle 
round a centre of at¬ 
traction. Two de¬ 
grees of freedom. 
Energy, kinetic, + po¬ 
tential. 


vibrate with respect to the other in the ease of a diatomic molecule. In 
this ease the vibration is linear, that is, it is along the line joining the 
two atom centres. Since the vibration is linear there is one degree of 
freedom in this ease. Linear vibration is represented in diagram (a), 
Fig. 2. 

It is also conceivable that the vibration of the particle may be 
circular. That is, the particle may describe a circular path about a 
centre of gravity, the orbit being traced out on a suiface. Hence in 
such a case there are two degrees of freedom to be attributed to the 
vibration. This is represented by the mode of motion shown in 
diagram (/»), Fig. 2. Further, in the case of a monatomic solid (such 
as a metal) the only type of motion which can be ascribed to. the atom 
is vibration. Free translation cannot exist, for if it did solid 
would not retain its crystalline form. In this case tfte vibration of 
every atom can take place in three directions in space with respect 
to the centre of gravity or mean position of the atom. There aje 
therefore three degrees of freedom to be attribute to # the vibrations. 
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Fig. 2 (c ).—Trilinenr vihra 
tion of an atom in a solid 


of the Ultimate particles in a solid.' This is represented in diagram* 
(c), fig. 2. The characteristic feature of aftl vibrations is the' existence 
of potential as well as kinetic energy. As will ber shown l&or each 
complete vibration on the average contains just as much potential 
energy as it does kinetic. f r , • 

To return to the vibrations of *the atoms in a gas molecule. In the’ 
case of a diatomic molecule the molecule is*said to possess one degree 
of freedom in respect of the to-and-fro vibration of one atom with 
respect to the other. The molecule also possesses three degrees of 

freedom in respect of translation of the 
molecule as a whole. In a triatomic mo¬ 
lecule the atoms ABC probably vibrate in 
pairs, AB, BC, CA, each pair functioning 
like a diatomic molecule, so that the mo¬ 
lecule as a whole has three degrees of free¬ 
dom in respect of atomic vibrations. The 
molecule possesses in addition three degrees 

Three degrees of freedom. f ree( j om j n reS pect of translation. Hence, 
Knergy, kinetic + potential. . r * . . , ’ 

in the case of a triatomic molecule there are 

three degrees of freedom in respect of translation and three in respect 

of vibration. 

It is obvious that no atomic vibration is possible in the case of a 
monatomic molecule in a gas. If such an atom is displaced there is no 
restoring force ; the atom is not connected to any other as in the case 
of diatomic molecules, and any displacement would simply be identical 
with free translation. Contrast this with the behaviour of monatomic 
molecules in solids in which any displacement can only take place 
against a restoring force, with the result, as already mentioned, tlfat the 
vibration in the case of a solid possesses three degrees of freedom. In 
the case of a monatomic gas vibration is impossible, and, so far as we 
have gone, we can only ascribe to this kind of molecule energy of the 
translational kind. A difficulty crops up when we come to consider 
a monatomic gas molecule in the light of the third possible type of 
motion, viz. molecular rotation. 

3. Energy of Molecular Rotation .—If a molecule resembles a solid 
sphere we would expect it to rotate in the manner indicated in Fig. 3, 
diagram (a). The rotation of a sphere can be referred to three axes 
of rotation, i.e. there are three degrees of freedom. The energy is 
entirely kinetic. Molecules, however, are not necessarily spherical 
unless they contain a number of atoms. It is believed that at least 
three atoms must be present in a molecule before we can possibly 
ascribe to the molecule as a whole the limiting number (3) of degrees 
of freedom in respect of rotation. 

, It rs*a remarkable fact that monatomic gas molecules do not appear 
to possess rotStional energy. This conclusion rests upon the experi¬ 
mental fact that the molecular heat of argon and other monatomic 
g^sec and metallic vapours can- be accounted for by simply assuming 
fransUtional epergy. A monatomic gas molecule appears 10 function. 
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dimply as a‘massive point, and ‘not as a nfassive sphere. This is a 
remarkable conclusion. It»is self-evident Jhat vibration of the atom 
cannot occur in th# case of a monatomic molecule. It is by no means 
clear wfiy rotation of ffie momttomic molecule as a whole apparently 
d6es not #ccur. . .1 

‘ • Molecular rotations are ascribed to collisions with other molecules. 
This distinguishes molecular rotation from atomic vibration as far as 
origin is concerned. Atomic vibration can indeed be affected tfy 
collisions, but the origin of atomic vibration is more deeply seated, so 
to speak, than that of molecular rotations. Presumably atomic vibra¬ 
tion is set up as a result of absorption of radiant energy on the part of 
the molecule. This might occur at a collision, but not necessarily so; 
unless the collision be very inelastic (cf Chap. VII., the section dealing 
with resonance and ionisation potentials). 

When a molecule consists of more than one atom it seems reason¬ 
able to ascribe to the molecule as a whole a certain amount of rotational 
energy. Kruger has suggested that, in place of true molecular rotations, 
we may have to substitute another kind of motion, namely, precessional 
vibrations} 

The possible kinds of rotations and precessional vibrations in the 
case of a diatomic molecule are illustrated in Fig. 3, diagrams (b) to (e). 
It must be understood that rotation or precessional vibration always 
refers to the molecule as a whole. This is in contrast with the view 
taken of true atomic vibrations, which have been discussed. 

As regards the rotation of a diatomic molecule the diagram ( b), 
Fig. 3, shows us that there are two degrees of freedom, i.e. there are two 
co-ordinates at right angles defining the surface over which the rota¬ 
tion cff such a molecule can take place. The axis of rotation is at right 
angles to the plane indicated in the diagram. 

From the point of view of the internal molecular energy the signifi¬ 
cance of the rotation of the molecule depends upon its moment of 

*The term “precessional vibration” requires perhaps a word of explanation. 
The type of motion represented by the term is shown in diagrams («/) and (e), Fig. 3. 
It is similar 10 the true precession of a gyroscope, but with this difference that a di¬ 
atomic gas molecule does not precess in a definite field of force. It is assumed, in¬ 
fact, that there is no field oi force. Precessional vibration (which must not be con¬ 
fused with nutation) is brought about in the case considered by ihe collisions of 
molecules with one another, each molecule being assumed to possess gyroscopic 
properties in virtue of the electrons which it contains, and which spin [circular, 
vibration] around the figure axis as already indicated in diagram (ft), Fig. 2. If no 
collision occurred a diatomic molecule would spin with a fixed axis. As a result of 
collision the spin is disturbed and the figure axis itself describes the circular motion 
represented in diagram ( d ), Fig. 3. It maintains this type until a further collision 
occurs which sets up a new vibrational precession, the figure axis now precessing 
round a circle which has a greater or less circumference than before.. Such pre¬ 
cessional vibrations might be more accurately described as Poinsot movement, dealt 
with in rigid dynamics. Precessional motion has been f consider <*1 here because it 
undoubtedly represents a conceivable type of mechanical motion. However, its 
significance for molecular properties (such as heat capacity and absorption power) 
is negligible, since the behaviour of molecules-appears to be such as to exclude it^as 





FlG. 3 (fl).—Sphere with three tom- Fm. 3 (/;).— Molecular rotation of diatomic molecule 
ponent rotations. Three degrees (due to collisions). Axis of rotation perpendicular 
of freedom. Energy, kinetic. to figuie axis. Two degrees of freedom. Energy, 

kinetic. 



Fir,. 3 (r).—Molecular rotation with axis of rotation coincicl.nt with figure axis Tt\o 
degrees ol freedom. Energy, kinetic. (Motion maintained by collisions.) 
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Fig. 3 (/).—Processional 
vifrhitum (du ( e to col¬ 
lisions). Tlte molecule 
is assumed to j osscss 
gyroscopic properties. 
‘Two degreejj of free- 
a<ttn. Energy, k\\etic. 
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Fig. 3 (c). —Extreme praessional vi¬ 
bration (due to collisions at suffi¬ 
ciently high temperatures), merging 
into ordinary molecular rotation. 
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•inertia, i.e. the moment of inertia of each of tffe atoms with respect to the 
axis of rotation and the nmmber of revolutions v which the molecule 
makes.per sccond.(as a result of collisions). The rotational energy is 
given Ijy the expression t/2 .VI . (a™) 2 , where I is the moment of 
iriertia ai*l v has already been defined. 

' • Fig. 3 ( 'c ) likewise illustrates a conceivable mode of rotation of the 

molecule as a whole. Thi* case differs from P ig. 3 (/>) in that the figure 
axis is coincident with the axis of rotation. As a matter of fact, although 
this is a conceivable mode of rotation its presence cannot be detected, 
say in the molecular heat of a diatomic gas. 'The case is very similar 
to the rotation of a monatomic molecule. Rotation of the type Fig. 

3 ( b ), on the other hand, in which the axis of rotation is perpendicular 
to the figure axis is of great importance and contributes a certain 
amount to the observed molecular heat of a diatomic gas. 

It is an important fact that, so far as the molecular heat of a gas 
molecule is concerned the types of motion represented by Fig. 2 (//), 
i.e. circular vibration of an electron in an atom, P’lg. 3 (c), rotation 
of a diatomic molecule about the figure axis, and the rotation of a 
monatomic molecule, do not appear to exist, i.e. the conceivable degrees 
of freedom corresponding to such motion do not manifest themselves. 
At first sight this might be attributed to exceedingly small moments of 
inertia 1 with respect to the three le nds of motion considered, but that 
this cannot lx: a complete explanation is evident when we remember 
that tlx- energy term contains not only moment of inertia but frequency 
of rotation as well and a small moment of ineitia might be compensated 
by a high value for the frequency. The fact is that no satisfactory 
explanation of the absence of these conceivable degrees of freedom 
can fee given on the basis of classical dynamics such as we are at present 
following ; it is necessary to introduce certain concepts associated with 
the quantum theory. According to this theory, as will be seen later, 
the probability of any mode of motion of a rotational or vibrational kind 
existing depends on the magnitude of the frequency of revolution 
associated with the motion, the probability diminishing as the frequency 
increases. On the basis of the quantum theory we conclude, therefore, 
that molecules do not rotate in the sense of Fig. 3 (r) —and the same 
is true for the rotations of monatomic molecules—because of the ex¬ 
tremely high frequency which would characterise such motion. The 
problem of the rotational energy in so far as it affects the molecular 
heat of gases is considered towards the end of Chap. IV. 

In the case of a diatomic molecule we have therefore three degrees* 
of freedom in respect of translation, one degree of freedom in respect 
of linear vibration of the atoms, and two degrees of freedom in respect 
of molecular rotation,—six degiees in all. 

In the case of a molecule containing more than two atowf, if rota¬ 
tion be possible at all, it is reasonable to ascribe three degrees of 

1 The moment of inertia depends in general on the mass of the rotating,particIe. 
and its distance fiom the centre of gravity. 
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freedom" in respect of such rotation, i\e. the limiting number of degreed 
of freedom. At the same Jime the molecule possesses three degrees of 
freedom in respect of translation and three degrees freedom in respect 
of atomic vibrations in pairs; in all ni/ie degrees of freedom. * In the 
case of translation and of rotation 1 tl|j energy is entirely kinetic; in 
the case of vibration it is potential as'well as kinetic. The possible’ 
degrees of freedom in various kinds of gas molecule are summarised in 
the following table which is due to Bjcrrum ( Zeitsch . Elektrochem ., 17 , 
731, 19ri); the general correctness of the assigned values is borne out 
to a certain extent by the values of the molecular heats of the respective 
gases:— 


No. of Atoms in 
the Molecule. 


Number of Degrees of Freedom. 


In Virtue of 
Translation. 


In Virtue of 
Rotation. 


In Virtue of f 
Vibration. 


3 

3 

3 

3 


o 

2 


3 

3 


Our knowledge of the liquid state is so scanty that it has not been 
possible hitherto to assign any definite value to possible number of 
degrees of freedom. A liquid molecule must, of course, possess three 
degrees of freedom in respect of translation; it must likewise possess 
an unknown number in respect of rotation and vibration. We pa^s on, 
therefore, to the solid state. In the case of a solid, i.e. a crystalline 
substance, and probably also in the case of a super-cooled liquid like 
glass, it is necessary to regard translational energy (and also rotational 
energy) as absent, the energy possessed by the molecules of a solid 
being vibrational. As already stated, vibration of each atom can take 
place along all three axes, so that even the simplest type of solid 
possesses three degrees of freedom. We shall return to this later. 

*ln regarding the rotation of a diatomic molecule as representing kinetic 
energy alone, we are assuming that the bond between the atoms is quite firm. In 
general, however, we may expect a certain amount of “give” due to the atoms 
being “centrifuged” from one another in the rotation. If this occurs it will 
involve a certain amount of potential energy. Bjerrum (loc. cit.) finds that the kinetic 
‘energy E K of molecular rotation is related to the potential energy E P by the 
equation— 

E/./E* = RT/ 4 irV-Mr 2 

where v is thq frequency of internal vibration, M is the mass, and r the radius of the 
mqlecule. r -‘Taking the case of oxygen at ordinary temperatures where v = io 14 , 
r = 10“ 8 , and M =*32, it is found that— 

E/>/E* = 0*00002. 

• Thaf is 1 , t the potential energy of rotation is negligible compared with the ljinetic 
energy. * s.« » 
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For the pre’sent we have to take up the application of the’principle 
of equipartition of (kinetic^ energy amongst degrees of freedom. Ac¬ 
cording^ this principle, when a system is in statistical equilibrium , such 
equilibrium being determined jpy a number of variables, t\e. m degrees of 
freedom,#to each such variablel) one must attribute the same quantity of 
( kinetic) energy. It is to be remembered that there is no restriction as 
regards the physical state wf the system—the principles applies equally 
well to gaseous, liquid, or solid systems and to systems embracing two 
or more such states simultaneously. It is supposed to hold equally 
well also for degrees of freedom in respect of translation, vibration, or 
rotation. To see how much this energy amounts to per degree of 
freedom, let us consider the kinetic energy of translation of a perfect 
gas at a given temperature. First of all we have the relation— 


PV = RT. 

Further, we have seen in the theoretical deduction of Boyle’s Law 
that— 

P = 


where p is the density of the gas and u the root-mean-square velocity. If 

... , . , molecular weight (M), 

we are considering i gram-molecule of the gas, p = - ^ - 

where V is the molecular volume, and hence we can write— 


PV = = £N/«« 2 

wher§ m is the mass of a single molecule and N the number of mole¬ 
cules in i gram-mole. Taking into consideration the first equation, we 
obtain— 

RT = $Mi# a = £Nw« 2 . 


Now the kinetic energy of a single molecule is \mu 1 , and hence the 
kinetic energy of i gram-mole is mu 1 . That is the kinetic energy 
of i gram-mole is #RT, and this holds good whether the gas be mon¬ 
atomic or polyatomic. Now a gas molecule has three degrees of 
freedom in virtue of translation, and hence by applying the equiparti¬ 
tion principle, each degree of freedom possesses kinetic energy 
EQUAL TO &RT. 

This is the quantitative form of the principle of equipartition of 
energy between degrees of freedom. The principle does not meap that 
in a gas system, for example, the kinetic energy of translation of every 
molecule shall be exactly 3/2/6T, where k is the gas constant per single 
molecule. We know from Maxwell’s distribution law that fh£ akinetic 
energy varies in general from molecule to molecule. * What the equt- 
partition principle does mean is that on the average the kinetic energy 
of a molecule is 3/2AT. % 

Lot usjjiow consider the special case of a monatomic gas. As we haVe 
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already seen, it can posses? no vibrational energy : whether it possesses 
rotational energy is at this *stage a doubtful point. Its energy, due to 
translational motion, for i gram-mole at T° abs. isJ-RT, when R*j=. 1 ‘9^5 
cals. Now the specific heat C„ at const/nt volume is simply the increase 
in the total energy per degree. If we tie dealing with i gram-mole or 
gram atom as unit of mass, the heat term will be the so-called molecular 1 
or atomic heat C„. It is clear from definition that the increase in the 

(kinetic) energy of translation 1 per i" rise in temperature - ^(fJRT) 

= aR = 2'p8 cals. |ier mole. Experiments of Pier in Nernst’s labora¬ 
tory [Kcihch. Elcktrochem ., 15 , 546, 1 909 I 16 , 897, 1910) have shown 
that the molecular heat of argon is 2-98 cals, per mole, and further 
that this is independent of temperature. This agreement suggests that 
one should neglect the rotational energy of the monatomic molecule 
(vibration of atoms inside the molecule is naturally impossible since 
the gas is monatomic).' 2 In fact the monatomic molecule seems to 
function as a massive point. Agreement of this order between calcu¬ 
lated and experimental values is, however, not found in other cases. 
Thus, taking the case of a diatomic gas, the number of degrees of free¬ 
dom in virtue of translation is again 3. The number of degrees of 
freedom in virtue of vibration we have considered as 1 ; that is 4 degrees 
in virtue of translation and vibration. The; corresponding kinetic energy 
of such a molecule will be 4 x £RT — 4‘o T cal./mole, if the law 
of equipartition be assumed. Of course this does not represent all the 
energy due to translation and vibration. In vibrations we have poten¬ 
tial energy as well as kinetic which must be taken account of. It can 
be shown by a simple calculation that the potential energy of a particle 
undergoing what we might call “circular vibration” (cf. fig. 2(/!»))*is just 
equal to the kinetic energy of the vibration. The calculation is as 
follows:— 

Consider a particle whose mass is m travelling in a circle round a 
centre of gravity with velocity u. Suppose r is the radius of the circular 
path. A motion of this kind involves the action of two opposing forces, 
one tending to draw the particle towards the centre, its position of rest, 
the other due to the motion of the particle tending to make it fly off at 
a tangent. The two forces must just balance in order to make the 
circular movement permanent. Let us suppose that the diameter of 
the circle, i.c. the amplitude of the vibration, to be so small that the 
force tending to draw the particle back to the centre is proportional to 
the distance of the particle from the centre. This very simple law of 
attraction can only hold when the particle is not far removed from the 
centre, i.c. when r is small. If A is this attractive force per unit dis- 

f 

i 1 Energy of translation is necessarily entirely kinetic, and it is to the distribution 
of kinetic energy J'mongst degrees of freedom that the law of equipartition is properly 
to be applied. 

s The monatomic gas is again considered from the point ot view ot the quantum 
theorem Chap, iy., in connection with thy “molecular heat of hydrogeiyat low 
temperatures." \ l ‘ 
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' tange from the centre, then, on' the assumption just made, \he force 
acting inwards at a distance r is Ar. W c$ have now to calculate this 
force ,itf terms of« the t# motion of the particle. Consider the particle 
traversing the circular path shoVn in the figure (Fig. 4). 

Suppose that the particle i$Vit the point a, travelling with a velocity 
’ u *in the direction at. After a short interval of time 8/ it is at b travel¬ 
ling with a velocity 11 in tlfc direction x/>. The arc ab — u 8 /, and so the 
radian measure of the angle nob or cvd is 80 u&tjr. If tc = tc/ = //,'then 
the velocity has changed from one represented in magnitude and direc¬ 
tion by tc to one represented by id. By the triangle of velocities, the 
change in velocity is represented in magnitude and direction by the line 
cd. The direction of cd is the same as that of to ; and its magnitude is 
2 u sin 80/2. In the limit when it is infinitesimally small sin 80 /., = 80/2, 
or the change of velocity is // 80 , i.e. u'ti/jr. 



Hence the acceleration inward {viz. the velocity inward divided by 
8/) is equal to idjr. But force = mass x acceleration. Hence the 
force acting inwards and preventing the particle from flying off is midjr. 
This must be identical with A r. That is— 

tmrjr -- A r. 

Furthei, the potential energy of the particle at a (namely, the w'ork* 
which must be done upon the particle to bring it ftom the position of 
rest, the centre of the circle, to the point a on the circumference) is the 
product of the foiee acting into the distance traversed. Thejorce varies 
at every stage of the radius, so that it is necessary to jntegratff fhe weyk 
expression for each increment dr in order to obtain an expression for the 
potential energy of the particle at the point a. That is, the potential 

energy of the particle when it is*on the circumference ts f Arcf/wlfich 

_ • a 
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is —. But it has just been shown that Af — mu‘ 2 /r. Hence thepo- 


tential energy, viz. — is equal to (ij2)mu 2 . But the term (i/ 5 ) r mu 2 is 

the average kinetic energy of the partiAe. Hence in a complete cir- 
cular vibration the kinetic energy is just equal in magnitude to the potential 
energy. 

We return now to the question of the diatomic molecule. 

The linear vibration executed by one atom with respect to the other 
involves one degree of freedom, i.e. the line of junction of the two atoms. 
On the equipartition principle the kinetic energy involved per mole is 
■JRT. Since there is likewise an equal amount of potential energy, the 
total energy due to vibration is iRT. Adding the amount due to the 
(kinetic) energy of translation of the diatomic molecule as a whole, viz. 
■|RT, we obtain f;RT as the total energy due to translation 3nd vibra¬ 
tion. That is, the rise in this energy per i° is fjR = 5-0 cal. per mole 
per degree, taking R = 2 cals. If now we take rotation of the molecule 
as a whole into account we again have two degrees of freedom, to which 
one must assign RT units of kinetic energy. The total energy of a 
diatomic molecule, provided the law of equipartition is true, and pro¬ 
vided all the degrees of freedom are effective , should be IRT, and the 
molecular heat therefore !R = 7-0 approx. 

Experiment shows, however, very different values. For hydrogen 
at o° C. the molecular heat C„ = 4/9 to 5-2 cal. per degree, and at 
2000° C., C„ = 6-5 cal. (cf. Nernst, Zeitsch. Elekirochem., 17 , 272, 1911). 
For nitrogen at o° C v — 4-84, and at 2000° C„ = 67. I’or chlorine 
at o°C v = 5-85, at T2oo°C v = 7-0. For oxygen at 0° C v = 4-9, at 
2000° C„ = 67. These values are only approximately correct. Tt is 
evident, however, that not only is there lack of agreement in the numeri¬ 
cal values between those observed and those calculated at lower tem¬ 
peratures, but the fact that the molecular heat of diatomic gases varies - 
considerably with the temperature is quite unaccounted for by the theory of 
equipartition unless, indeed, the number of degrees of freedom is a 
function of the temperature ; which is difficult to believe. 

In the case of triatomic gas molecules the degrees of freedom in 
respect of translation are three, the [kinetic] energy corresponding being 
|RT. As regards vibration, there are possibly three vibrating pairs, 
each with one degree of freedom, corresponding to the quantity 
3 x ^RT of kinetic energy. To this has to be added an equivalent 
’ amount of potential energy, making 3RT as the total energy term in 
respect of vibration. Hence translation and vibration apparently entail f 
|RT units of energy, and the increase in this for i° rise in temperature 
is |R = <^va cal. per mole per degree. Logically we should likewise 
add a term for rotation of the molecule as a whole, which we have seen 
amounts to |R # i'. The observed molecular heat C„ for CO2 at i8 n is 
7-09, and this becomes 10-47 at 2210° (Pier, l.c.). For water vapour 
C„ fc at r 5o° C. = 5-96 (Nernst and Levy), and at 2327°C, C* =» 9-68 , 
(Pier). 1 Again, the discordance between theory and experiment is very 
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^apparent since theory predicts a constant molecular heat of eilher 9 or 
12 cals, p'er mole per degre£. / 

* * •• 

TJie Ratio yfor Gases, and the number of “ effective ” Degrees of Freedom. 

• • 

* It may easily be shown (cf Meyer’s Kinetic Theory of Gases, p. 140 
see/.) that the ratio * or y can be expressed approximately in the form— 


y = 1 + 


n 


where n is the number of degrees of freedom of the gas molecule. In 
the case of monatomic gases the value of y is 1 -666, and this is the 
quantity which is obtained on putting n — 3 in the above expression. 
That is, a monatomic gas molecule possesses three degrees of freedom, 
in respect of translation only. This agrees with the conclusion we came 
to above (though, of course, it must be remembered that the actual 
number of degrees is possibly greater than this, i.e. degrees in virtue of 
rotation, but for some unknown reason only some are effective in regard 
to heat capacity, for after all an atom is not a point in the mathematical 
sense). In the case of a diatomic molecule the value of y, found by 
experiment, is in many cases 1*4, and this wall correspond to putting 
n = 5 in the above equation. In triatomic gas molecules y — 1*3 in 
general, and this makes n — 7. These numbers are certainly less than 
the actual number of degrees of freedom possessed by di- and triatomic 
gases, as is indeed shown by the fact that there are some diatomic 
gases # with as small a value as 1*29 for y (iodine vapour) and some 
triatomic gases, e.g. CS 2 , for which y = 1-2. Further , the values of y 
are not constant but vary with the temperature. The whole problem of 
the number of degrees of freedom is, therefore, in a very unfinished 
state. 

The doubt which exists, in the case of polyatomic molecules,* re¬ 
garding the true number of degrees of freedom, takes away from the 
force of the criticism levelled against the principle of the equipartition, 
on the ground of the lack of agreement between observed and calculated 
molecular heats. The soundest criticism of the principle rests on the 
experimental observation that the molecular heat varies with the tem¬ 
perature, whilst the principle leads us to expect it to be Constant, no 
matter how many degrees of freedom be present. 

> Atomic Heat of Solids. 

Since the equipartition principle is considered to hold equally well 
for all states of matter, the term J RT must represent .the kineltc energy 
per degree of freedom of 1 gram-mole of any system at the tempera¬ 
ture T. In solid elements—the metals—it is generally agreed that the 
gram-molecule and gram-atom ,pre identical, so that.,in such $ c3.se 
|RT, xs^tlie kinetic energy per .degree of freedomVor e,ach graifn-atom. 
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R being" put equal to i •ii55 cals. The orientation of the atom of a® 
meta,l is such, that it is fr^e to vibrate in ‘any direction which can be 
resolved in terms of the three space co-ordinates X, Y, Z. *Such a 
particle possesses three degrees of freedom 1 (cf *]b'g. 2, diagram (d)). 

The kinetic energy in virtue of thisf“ space vibration iscevidently 
i!RT, and since any vibration -' involves an amount of potential energy' 
equivalent to the kinetic, the total energy «f 1 gram-atom of a mon¬ 
atomic solid is 3RT, according to the principle of cquipartition of energy. 
Now the atomic heat C v at constant volume is simply the change of 
total atomic energy per degree, that is— 

c v = ^,(3 RT) = 3 R = 5'95 5 «ils. 

The application of the cquipartition principle has therefore led to the 
conclusion that the atomic heat of monatomic solids should he a % constant , 
viz. 5'955, the same for all monatomn solids and independent oj tem¬ 
perature (the term 3R does not contain T ; though, of course, the 
total energy present in the solid at any given temperature depends on 
this temperature, viz. 3RT in the above case). This result is practi¬ 
cally identical with Dulong and Petit's experimentally discovered law, 
and this agreement is one of the most striking pieces of evidence in 
favour of the equipartition principle. The following table gives the 
values of atomic heats for a number of elements at 20“ C. ( cf ( 1 . N. 
Lewis, Journ. Amer. Chctn. Soc., 29 , 1168, T907):— 

3 R - 5 ' 955 - 


Element. 

Atomic Heat at 
Constant Volume 

Element, j ( 

Atomic Heat at 
Constant Volume. 

Na 

f)- 4 

Cd 

5'Q 

Mg 

5-8 

S11 

fn 

A 1 

5-6 

Sb 

5 Q 

K 

h'5 

1 

fro 

Je 

5' 9 

Pt 

5 'y 

Ni 

5 V 

Au 

V9 

Cu 

5 -b 

T 1 

(ri 

Zn 

5'7 

Pb 

5'9 

Pel 

5'9 

Bi 

O’2 

Ag 

5'8 




The approximation of these values to that of 3R is obviously very 
close. Nevertheless, too great stress cannot be laid upon this, for it has 
been shown by experiment that the atomic heat of solids (as in the case of 
gases) i$ g 'function of the temperature , decreasing to very small values at 

* * 

1 In the casetif metals each atom vibrates independently of others, at least as 
long as its amplitude is less than the mean distance ot the atoms apart, and hence 
three degrees of freedom must be ascribed to it. 

« l’hat is, any*vibration of the simple hnrmonic kind, in which the restoring 
force is jffoportion«il to the distance from Jhe centre. • 
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%ery low temperatures. We shall‘take this question up later oft in dis¬ 
cussing the work of Einstein and Nernst. /Sufficient has been said, 
however,* in this connection to show that while the principle of e'qui- 
partition* is partially trlfe, in the form given by Boltzmann it is not 
sufficiently comprehensive. It^ night be thought that a sufficient ex¬ 
planation of the observed increase in.atomic heat with rise in tempera¬ 
ture lies in the supposition of new degrees of freedom coming into 
existence. We cannot, however, imagine a “ fractional ” degree of 
freedom. It must either exist definitely, or not at all. One would 
expect therefore, that the atomic heat should rise by steps as the 
temperature rises. All observations, however, have shown that the in¬ 
crease in atomic heat is a perfectly continuous function of the tempera¬ 
ture. Leaving the problem of specific or atomic heats, let us turn to 
another important problem, namely that of thermal radiation ; for it 
was through investigation carried out in this field that the modifications 
of the principle of equipartition were eventually introduced, which in 
the hands of I’lanck and Einstein have peimitled a satisfactory explana¬ 
tion to be given of the discrepancies hitherto existing between theory 
and experiment, not only in the domain of radiation ltsell, but likewise 
in that of the heat content of solids. Whether these modified views 
form the ultimate solution of the pioblem, it is at piescnt impossible to 
say. They lepresent, at any rate, a fundamental stage in the develop¬ 
ment of the subject. 

Application ot [Classical] Statisiical Mkciianics to Radiation. 

The fundamental problem in radiation is : how is the energy, which 
is radiated, distributed amongst the various wave-lengths which may be 
regarded as constituting the radiation? 

We are here concerned with temperature radiation only. A defini¬ 
tion of this term has already been given, together with a short account 
of the radiation laws in Chap. XIV. of Vol. II. 

In studying the question of radiation, that is of the exchange of 
radiant energy between matter and ether, it is necessary, of course, to 
limit our consideration to the equilibrium state. If an enclosed material 
system is maintained at a temperature T, the interior of the system 
contains energy constantly radiated to and from the boundary. When 
these energy exchanges arrive at equilibrium each cubic centimetre of 
the system contains energy in what we may call the undulalory form. 
The problem is how to calculate the most probable distribution of the 
energy between the various wave-lengths, not only for the single tempera¬ 
ture T but for any temperature; for the equilibrium stale may be 
defined as that for which the distribution of energy (at the given tem¬ 
perature) between the various wave-lengths is the most probabltf. Tq 
work out this statistical problem we must know something about the 
number of degrees of freedom possessed by the matter and by the ether 
(present throughout the matter) respectively. It will now be shown 
that absolutely different results are arrived at, accojdin^ as to wjiether. 
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we regard the ether as Continuous (i.e. structureless) * or regard it a? 
having a structure. Let first consider the ether as continuous.’ In 
this case the ether is a medium capable of vibrating un an infinite number 
of ways, the wave-lengths^ propagated throughout it having alf possible 
values between o and oo. This is thf same thing as saying»that fhe 
ether possesses an infinite number of degrees of freedom. Mattel 
imbedded in the ether has, on the other hand, a finite number of degrees 
of freedom in virtue of its discontinuity, i.e. in virtue of its discrete or 
heterogeneous structure. If now we apply the principle of equipartition 
of energy to such a system composed of both matter and ether, it is clear 
that the ether will take all the energy (since its number of freedoms is 
infinite) leaving none at all for the matter. 

The following mechanical analogy is suggested by Jeans. Let, us 
suppose that we have a number of corks held together by elastic and 
floated upon the surface of still water. Cause the corks to move 
violently to and fro. Waves will be formed, i.e. energy wifi be given 
out from the cork system to the water by this kind of “ radiation,” as 
well as by friction, until finally the corks come to rest. All the energy 
originally given to the corks has now passed to the water. Permanent 
movement of the corks is unthinkable. It will be observed that the 
cause of this lies in the fact that the corks are large units compared 
with water molecules ; in fact, the water is a sensibly continuous medium 
compared with the coarse-grained structure consisting of corks. It is 
impossible therefore to conceive of an equilibrium being set up ap 
regards energy interchange between matter and ether except at the 
absolute zero of temperature. In other words, we cannot deduce any 
radiation law. It is clear, therefore, we must follow out some other line 
of reasoning. Let us take the second case, namely, the assumption that 
the ether does possess a structure. On this basis the number of degrees 
of freedom of the ether is no longer infinite, and it is possible to con¬ 
ceive of equilibrium states being reached at different temperatures as a 
result of energy transfer between matter and ether. If we think of the 
ether as possessing a fine-grained structure, it follows that the waves 
which can be propagated by such a medium must not become shorter 
than a certain limiting size Ay. It is easy to sec this by analogy. 
Waves which can be transmitted by a material system (sound waves, for 
example) must be great compared with the distance of the molecules 
which compose the system, as otherwise the waves would not be trans¬ 
mitted at all. Similarly, we must suppose that even the shortest light 
waves which we know of must be large compared with the grain structure 
of the ether itself. If this structure exists it ceases to be legitimate to 
speak of infinitely short waves in the mathematical sense. The shortest 
conceivable waves must be of the order of magnitude of the distance 
.apart of the “ njolecules of the ether ”. 

Starting o*ut with the idea that the number of degrees of freedom 
possessed by the ether is finite, Jeans has shown that by applying the 
“ jyrinrciple of equipartition of energy,^the energy distributes itself in the 
, normal spectrum in such a way that the intensity—corresponding to a 
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fegicm 'lying between X and X 4- —is proportional to the temperature 
and ‘inversely proportional »to the fourth /ower of the wave-length. 
That is, the energy in the spectrum will so distribute itself that it will 
be almost entirely confuted to th<! region of extremely short wave-lengths. 
As a matter of fact, however, this is not the real distribution of energy 
in the spectrum. It lias been shown experimentally that the intensity 
of energy radiating from a ljlack body and in equilibrium with the body 
shows a maximum for waves in the infra-red region at ordinary tempera¬ 
tures, and vanishes almost completely for very long or very short waves. 
Representing it graphically we obtain a curve containing a maximum, 
as already shown in Fig. 53, Vol. 1 J. On the other hand, the theoretical 
expression for the distribution of radiation energy, referred to above 
(which expression is identical with Rayleigh’s radiation law, already 
stated in Chap. XIV., Vol. II., viz. 87J-XTX -4 . </X), yields a curve 
which contains no maximum but rises rapidly as the wave-length 
diminished 1 

We are considering the case in which wave-lengths of all magnitudes 
exist between the infinitely long denoted by the symbol and the 
limiting value X 0 , but none shorter than this. If we integrate the Ray- 
leigh-Jeans expression between the limits A.,, and A^, we obviously obtain 
an expression for the total radiant energy in the enclosure. The in¬ 
tegration leads to the expression— 

8 XT' 

3 XV 

It follows from this expression that only one-eighth of the total energy 
will be of wave-length greater than 2X lh whilst seven-eighths reside in 
wave-lengths between 2X„ and Ao itself. In the case of the ether—if we 
give it a structure at all—the size of its grain cannot be greater than 
io~ 8 cm. (the order of magnitude of a gas molecule). Taking this 
value, however, as applying to the ether structure, it follows that no 
wave-length shorter than io' K cm. can be transmitted. (As a matter of 
fact we know' that X-rays are about this order of magnitude.) Even with 
this limit to the wave-length it can be shown on the basis of the Rayleigh- 
Jeans formula that only one-millionth of the total energy would reside 
in wave-lengths of the order io~ (i cm. and longer. This is quite con¬ 
trary to what is observed, for the greater part of the energy is known to 
lie in the region io~ 4 to io -3 cm. We conclude, therefore, that the 
assumption that the number of degrees of freedom of the ether is not 
infinite, is in itself insufficient to yield an expression (involving the 
equipartition principle) which w r ill agree w'ith experiment. We are forced 
to the conclusion, therefore, that the principle of equipartition itself is not 
applicable to the problem of distribution of radiant energy between jnatter 
and the ether. The result obtained cm the equipartition basis always* 
gives a partition of energy of such a kind that the energy is almost 
entirely confined to the short wave-lengths, and in the limit, i.e. if the 

• % 

1 A deduction of the Rayleigh-Jeans foimula is given ij Appendix II. # 

VOL. III. 3 * 
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ether be’structureless, the fnergy goes'completely into the ether an$ no 
distribution is possible atull. Experiment shows, on the other hand, 
that distribution certainly does exist, and furthermore, the distribution 
does not require that all the energy shall be focated in the shortest 
wave-lengths; on the contrary, the distribution is such that "cry little 
energy is distributed among the very short or the very long waves, tfie‘ 
greater part of it belonging to waves of intermediate magnitude. This 
is indicated by the maximum in the intensity curve obtained in measure¬ 
ments of the amount of energy radiated from a heated body. 

In the foregoing we have considered a number of problems, atomic 
heats of solids, molecular heats of gases, and radiation phenomena, 
from the point of view of classical statistical mechanics as expressed in 
the principle of equipartition of energy between degrees of freedom. 
In each case we find that the conclusions arrived at on this basis hold 
over a limited region, but fail to give a complete explanation of the 
phenomena observed. It is obvious that some additional hypothesis 
must be introduced, or rather, we must be prepared to discard the 
principle of ^///'partition and substitute for it some other kind of 
partition law. An attempt to do this has been made by Planck in his 
quantum hypothesis, which will be discussed in the following chapter. 



CHAPTER II. 


Planck’s concept of quanta—Planck’s radiation formula. 

Thk fundamental modification introduced by Planck consist.', in dis¬ 
carding the principle of ty ///partition of kinetic energy. The equi- 
partition yrinciplc as*-umes interchange of energy in a continuous 
manner, i e. without any lower lim.t to the amount of energy trans¬ 
ferable. Planck assumes, on the other hand, that the exchanges of 
energy between matter and ether, instead of taking place in any pro¬ 
portion whatsoe\er, can only t.ike place by steps, that is, in multiples 
of some small eneigy unit, the energy unit itself being a function of 
the vibration frequency concerned. We might regard radiant energy 
itself as possessing a structure. Planck himself regards the matter from 
a different standpoint. It would he more correct to say that the de¬ 
finite concept of ladiant energy itself being discrete in nature is that 
upheld by Einstein, a view which his been given a clearer physical 
basis by |. J. 'Thomson, who considers a ladiant-energv unit or 
“quantum” as a legion of periodic disturbance travelling along a 
Faradafy tube, in place of a continuous ether, we have therefore to 
substitute a number of stietched strings of ether, each string being a 
Faraday tube differentiated in some (practically unknown) way from 
the “space” surrounding it. This statement is, however, to be 
taken rather as a rough material analogy than as an exact description 
or formulation, for any exact description is at the present time im¬ 
possible. Planck, on the other hand, lays stress not on the question of 
the ultimate structure of radiant eneigy itself so much as on the mode 
of its absorption and emission by matter. The energy radiated by one 
element of a black body is partially absorbed by other elements. 
Each one of the vibrators, or “resonators,” as Planck calls them, which 
constitute the material element in question, can only emit (and absorb) 
energy in certain fractions. (This at any rate is Planck’s first position ; 
we shall see later that he has modified the above view.) A word here 
about the Planck resonators. It was pointed out in the chapter on 
photochemistry in Vol. II. that the vibrating particles which pflo^uced 
visible and ultra-violet light were much smaller than the atoms of the* 
substance and w r ere therefore in all probability the electrons. The 
amount of energy contributed to the “ total ” spectrum by the visible 
or ultra-violet region has been shcpvn by experiment [cf. JLuminer ?tnd 
Pringsheimfe curve, Fig. 53, Vol. II.) J^o be a very sitiall fraction the 
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whole (even at fairly high temperatures). The main part of the energy* 
is confined to the infra-rM region. The^e long waves are Considered 
as emitted and absorbed by the atoms of the substance being set'jr) vibra¬ 
tion. These statements apply only to the continuous spectrum given 
out by a black body in the first instance and, in general by* heated 
metals. Planck’s resonators for the infra-red may therefore be idefiti- 
fied with the atoms (electrically charged); for the ultra-violet, with the 
electrons. But Planck in the theoretical treatment of the subject has 
regarded his resonators as linear , that is, he only considers the energy 
caused by vibration in a single direction. Such a vibration entails one 
degree of freedom. If we were to apply the equipartition principle to 
a system of such linear resonators, we would ascribe to each resonator 
RT units of energy made up of £RT kinetic energy and an equivalent 
quantity of potential. It is only for extremely long waves that the 
equipartition principle holds (as is shown by the degree of applicability 
of Lord Rayleigh’s formula for radiation), and that only for a limited 
temperature range. The essence of Planck's view is That it discards the. 
equipartition principle. It will be noted that the linear resonators of 
Planck are considered to possess only one-third of the total vibrational 
energy of the actual atoms (of a solid), each of which possesses three 
degrees of freedom—as already pointed out in connection w r ith the 
values for atomic heat. 

According to Planck, the material resonators considered do not 
react with, or are not influenced by, infinitely small quantities of radia¬ 
tion energy, using the word infinitely in its strict sense. Planck’s 
hypothesis may be stated thus : A resonator is only capable of absorbing 
or emitting a certain finite amount of energy of magnitude c. (As already 
•mentioned, Planck later modified this statement by supposing absdrption 
to be continuous, but emission discontinuous, i.e. in quanta.) It will 
be clear how this hypothesis modifies the principle of equipartition of 
energy among various degrees of freedom. To any degree of freedom 
which actually possesses energy we cannot ascribe less than one quantum 
(t), and the actual quantity possessed will be an integral multiple of one 
quantum. With this distribution of energy some of the degrees of 
freedom may possess no energy at all, i.e. the ty///partition idea breaks 
down. 

The'term “ the quantum” requires now to be considered. Although 
we speak of this as the unit of (radiant) energy, it must be clearly 
understood that it is not a JL\ed and constant quantity of energy. 
According to Planck, the quantum, e, i.e. its size or magnilude, is a 
function of the vibration frequency (either of the radiation, supposing 
this to be monochromatic, or what amounts to the same thing, the 
frequency of the resonator). In fact, according to Plantk, there is 
direct‘jfroportiopalily between the magnitude of e and the frequency v, 
this proportioliality being expressed in Planck’s fundamental relation— 
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cal value'6-5 x io~~ 27 erg-stfconds. 1 

Now the smaller the unit the greater the probability that a resonator 
will possess at least one or sofne quanta. If we consider a material 
system,* made up of molecule^, atoms, and electrons, such a system 
possesses resonators of* various dimensions, i.e. capable of vibrating with 
different frequencies. Suc^ a system can absorb or emit a range (or 
spectrum) of vibration frequencies. Considering the very short waves, 
i.e. large vibration frequency, the quantum c corresponding to this is 
large, and hence the chance that a resonator possesses even one 
quantum of this size is less than in the case of longer waves, where 
each quantum is a smaller magnitude. Less energy ot the short wave 
type will therefore be emitted than that of the longer wave type. 
That is, the energy of the radiation emission curve falls off in the short 
wave region. In this way Planck explains the observed diminution in 
energy emitted in the visible and ultra-violet region, as shown in 
hummer and Pringsheim’s curves. Further, in the region of extremely 
long waves v is relatively very small, and hence the size of the unit e is 
small, so that for extremely long waves the actual energy contribution 
made by this region will be small. We should therefore expect, on 
Planck’s view, the energy wave-length curve to pass through a maxi¬ 
mum, as is actually the case. 

Starting out with Planck’s hypothesis of the discrete nature of ab¬ 
sorption and emission of radiation, it is now necessary to see what 
radiation formula may be deduced; in other words, what theoretical 
expression can be deduced for the distribution of energy in the spectrum 
of a body emitting temperature- {i.e. black-body-)radiation. For an 
exact •and complete account, the reader is referred to Planck’s Theory 
of Heat Radiation. We can only here attempt an abbreviated and 
approximate deduction, based upon a method employed by Jeans 
{Phil. Mag., 20 , 953, xpTo). 

If a vibration—that is, a very small spectral region tying between 
A and A + dX, which corresponds experimental!) to monochromatic 
radiation — can possess the following amounts of energy, viz. o, c, 2 c 
. . . etc., then the ratio of the probabilities of these events, as in the 
usual gas theoiy calculations, is— 

l : e~ : e ~ 2t /* T : etc. 

where e is the base of natural logarithms, k a constant, namely, the 
gas constant per molecule, and T the absolute temperature. This ’ 
means that if we represent by “ i ” the number of vibrations possessing 
no energy at all, then the number of vibrations, each of which possesses 
one unit of magnitude e, will be e~ e,kT , and so on. Instead ctf thinking 
of vibrations in “space,” let us think of the resonators or vib&tions of 

1 Planck (Annalin dcr P/iysik, [4], 4 , 553, 1901) has shown that the magnitude 
of e is a function of v by applying Wein’s displacement law to an expression obtained 
by him for the entropy of a system. The reader should als<\ consult PHmtjc’s 
Theory of Heat Radiation, 2nd edition. 


constant) having the ‘numeri- 


• t 

•where‘s is a universal constant (Planck 
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matter which can emit or absorb such vibrations. Let us suppose that 
the material system conVists of a great •'number of similar vibrators 
(emitting and absorbing the wave-length A.), each avting independently, 
then if we represent hy unity the nifmber of such resonators which 
possess no energy, the turn c — r/A " r gives the number of resonators 
possessing f units each, etc. If out of N such resonators under con¬ 
sideration M have zero energy, the number of resonators, each of 
which has energy e, is Mt ~ *l kr , the number having energy 2e is Me — a ‘/* T , 
and so on. Hence, for the total— 

N = M + + Me — 2(1 ky + Me - 3 < /*t + c: u:. 

= M(i + c ~ * lkT + e“ 2t,iT + etc.) 

M 

(t - f) 

And if 2 U is the total energy of the N resonators— 

2 U = M x o + e x Me — * lkT -1- 2e x Me - 2, /* T + , etc. 

(i - e )-' 

Substituting the value for N alieady given, we obtain— 

Ne 

si; ^ -. 

If we now substitute hr for e, we obtain— 

_ N hr 

_ j' 

And for the eneigy of one such resonator we obtain the mean value— 

hr 

^ = _ j‘ 

The same expression maj be obtained in a different manner (cf. 
Appendix II.). 

So much for the energy of a single vibrating resonator in ladiation 
equilibrium with its surroundings, the expression being based on the 
hypothesis that energy is made up of units, the magnitude of a unit 
being directly proportional to the vibration frequency of the resonator. 
We have now to see the connection between this term U and the radia¬ 
tion density »,,, that is, the quantity of monochromatic radiation (fre¬ 
quency i/) energy per c.c. of radiated space. Although u v is usually 
referretkto as the radiation density, i.e. energy per unit volume, the term 
u v itself has xot got the dimensions of energy/volume. The correct 
expression for radiation density is u v dv, where dv repiesents a narrow 
strip t of the spectrum virtually monochromatic. In using the symbol 
u* for^-adiatloh density the quantityVv is implied. Physically a single 
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•wave-length * has no meaning ; we always work with a very narrow strip 
of spectrum containing the wave-length or f equency denoted by A or v. 
fin actual practiqp a heated body docs not give out monochromatic 
radiation, but a compTete spectrum. We shall define u v in different 
terms later, though still equivalent to the above.! 

• • Planck has shown on the basif of the classical electro-magnetic 
theory (which therefore introduces no unitary hypothesis) that v v and 
U are connected by the relation— 


U = 


c s 

8 7Tp 


u v 


(0 


[Cf Planck, Anna/en der Physik , [4 1 , 4 , 5ho, t 901 ; Lindemann, 
Brit. Ass. Rep., 1912. If we take A = 800/1/1 .is a mean value for a 
wave-length in the red part of the spectrum, it is easily calculated from 
this formula that U = 8 u (approx.). Similarly lor the violet end of the 
spectrum, taking A = 400/1/1, one finds U — 2 u (ap{)rox).] 

Uy combining the two expressions obtained above, the mean value 
of the density of energy radiated from a single resonator in a system 
consisting of a large number of similar resonators, all emitting mono¬ 
chromatic light of frequency v (i.e. between the limits v and v + dv ), 
is given by tiie expression— 

, 87 r//r' ! T . 


This is one of the forms of Planck’s Radiation Formula. 

We wish now to change the shape of this expression a little, in order 
to be clear about the relation of the term u v and the term E A , which 
latter we have alieady met with in Wien’s radiation formula ( cj . Chap. 
XIV., Yol. II.). 

The total energy (say in ergs) radiated per second from unit area of 
a black body emitting a continuous spectrum covering the wave-lengths 
o to 00 has been denoted by S. This is the term which appears in 
Stefan’s Law, viz. S = <rl M , the temperature of the source being T and 
the radiation purely “temperature” radiation. Now S is the quantity 
of energy which would be present in an imaginary cylinder, 1 square 
centimetre base and length 3 x io 10 cms. (since 3 x io 10 cms. is the 
distance which the radiation will travel in one second). The cylinder 
is supposed to be placed with its base on the radiating body and extend¬ 
ing out into space. The volume of this cylinder is 3 x 10 10 c.c., and 
since this contains S ergs of energy the space density of the radiation, 


i;enounggae space 

• • 


i.e. the amount of energy per c.c. is-- —erg. 

3 x io 111 0 

density of the energy by E, we have E = ^ - 0 or S = 3 x io 10 E, 

3 x 1 o 

the term # E referring, of course, to the entire rq^nge wave-lengths 
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between? o and oo 
expressed thus-— 


Let us write E A = 


‘ ' ’ t . _ 

emitted^ by the body. This total density E may be 


k- r"» E . 

Ja-„ » 

r/R r® 

then E = 1 J'V/A. 
«A J o 


dX. 


It will thus be seen that E A is a rate (the rate of change of E with 
A). We might also define it as the density of the energy radiated from 
a spectral region the wave-length limits of which differ by unity. This, 
though correct, is physically inconceivable. It would entail the existence 
of a spectrum the wave-length limits of which differ by i cm., a difference 
enormous compared to any actual limits reached. It is therefore much 
less confusing to think of E A as being the small energy-density incre¬ 
ment AE divided by the correspondingly small spectral width AA (or 

more 

fore the energy-density of the radiation between A and A 4- dX. Planck 
gives an analogous significance to the term u v dy. Thus the energy- 
density of the total spectrum may be written— 


accurately -- as above). The expression E A r/A or J dX is there- 

OA OA 


or writing 


E - 
ii v = 


•E-o t' 1 ' 

mc r , 

Jr - 11 ” j,,"'''"' 


The term u v is also a rate, or it may be defined as the density of the 
energy radiated from a spectral region, the limits of the vibration fre¬ 
quency differing by unity. Numerically //„ is of quite a different order 

of magnitude from E A . Thus, since A = , where c is the velocity of 

light, it is evident that ^ so that on increasing v by unity 

{i.e. corresponding to the production of u v x i energy-density units) 

the wave-length decreases by the amount C „. This gives a result of the 

order io~ 18 in the case in which the infra-red wave-length region A = i/x 
is considered. Since E A is the energy-density corresponding to a wave¬ 
length difference of unity , the term E A is io lh u v for the region in which 
the vibration frequency differs by unity. 

The shortest wave-length physically possible, i.e. the shortest wave¬ 
length capable of being emitted or absorbed by an atomic-electronic 
ipechartkm (such as that associated with a molecule), is of the order of 
magnitude ofr^ery hard X-rays, namely, io - ' 1 cm. This sets a limit, 
therefore, to the width of spectrum which can be regarded as possessing 
a physical meaning. It is interesting to see what this limiting width is 
wnen expressed in terms of the difference of the frequencies between 
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^he “ edges ” of the strip. Let ug suppose that the strip is chosen in 
the middle of the visible spfictrum. The mean value of A is then o'6/x, 
or 6 x io~ & cm., tjie limiting value to be ascribed to dk being io“ 9 ‘cm. 
The frequency difference dv which corresponds to dk is given by— 

dv — - f . dk. 

k* 

That is, for the case considered, 

*2 X TO^ X IO —^ 

- dv - -— - = 10 1 

36 X IO" 


Hence, in the region of the spectrum referred to, the smallest width 
to which we can attach a physical meaning corresponds to a frequency 
difference of the order io lu . The actual or absolute frequency in the 
middle of*this strip is of the order 5 x io 11 . 

In bolometric or spectro-photometric determinations we measure 
the energy AS radiated per second by a small region or strip of a continu¬ 
ous spectrum which lies between k and k + A k. Since S = 3 x io 10 E, 

AE 

and therefore AS = 3 x io Ul AE, we can calculate - which in turn is 

AA 

identical with E A . We now wish to express the radiation formula of 
Planck in such a way as to allow of convenient comparison between E* 
observed and its value as given by the formula. To do this let us re¬ 
write the formula already given :— 


_ /8tt//i' 3 1 \ 

U ' 11 \ p ’ t *A'7*T _ ij ' 


Remembering that t/„dv = E A i/A, and further that ak = 


obtain directly— 


87 rdl I 

' f .t/i/A*T _ j 



we 


(*) 


which is the moie usual form of Planck’s equation for the distribution 
of enetgy throughout the spectrum. As already pointed out, we can 
compare the observed and calculated values of E A for a whole series of 
small regions and thus test the equation over the complete spectrum. 
It has been found that the above formula reproduces the actual energy 
distribution from a black body in an extremely accurate manner, being 
in fact the most satisfactory equation yet proposed. The principal ex¬ 
perimental investigations are those of Lummer and Pringsheim ( Verh . 
d. Deutsch. physik. Gesell. , 1 , 23 and 215, 1899; 2 . 163, 1900}, Rubens 
and Kurlbaum ( Sitzungsber . d. A'. Akad. d. IVissenschajJ zu Bfflin, 41 » 
929, 1900 ; Anna It n d. Physik, [4], 4 , 649, 1901), Paschfen ( Annalen d. 
Physik, [4], 4, 277, 1901), and the more recent measurements of W. 
Coblentz {Bull. Bur. Standards , ^914, 10 , p. 1). Cf also Appendix III. 

By way of illustration a few of Paschen’s resists may be quoted. 
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The extent of the spectrum examined was from i ’to‘8-8/x (i.e. th% 
infra-red region), measurements being carried out by means o’f the 
bolometer. Using a fluorite prism (which is nioje transparent than 
quartz) successive parts of the spectrum c’ould be isolated. The 
radiating body consisted of a hollow vessel or cylinder, electrically 
heated to any desired temperature, the cylinder being either of plati¬ 
num or porcelain with or without a coating of copper oxide. In the 
following table /' denotes the magnitude of the swing of the galvano¬ 
meter needle, a certain swing corresponding to a certain amount of 
energy communicated by the radiation to the bolometer. After cali¬ 
brating the apparatus, Planck’s formula can be used to calculate values 
of i for different wave regions, and these may be compared with experi¬ 
ment. 


Tablf I.—a =-- 1-0959 ji. Width 

of spectrum isolated 

i — 3 - 


Tempeiature of surrou 

ndings = 

9‘8 C. 

r 


T Temperature of Radiator 


1 55 3 ’ 1 - 

132 s- .!- 

1 1038-7 

/"Observed ..... 

6 0 6 

252-6 | 

59'3 

3’65 

Calculated from Wien’s equation 


2 5-'5 1 

59 -1 4 

3-61 

tCalculated from Planck’s equation 

61-27 

249 4 i 

5«'97 

3-68 


Tabck II.—A — 8-7958 (x. Width of spectrum isolated — 6'. 


Temperature 

of surroundings — 

15-1" C. 



Temperatuie of Radiator 

1458C. 

ioOtpH 

844-4. 

625-0 

483-1. 

/ Observed 

1317 

74 •'13 

4 1 " 5 1 

20-46 

9-22 

-1 Wien’s equation 
t Planck’s equation . 

90-40 

5979 

39 ' 5 - 

ig-86 

9-08 

129-1 

73 75 

44 '^3 

20-90 

Q'22 


It will be observed that Planck’s formula is much more applicable 
than Wien’s for high temperatures and long waves, besides the infra¬ 
red region, the experiments of Paschen and Wanner, as well as those 
of hummer and Pringsheim, on radiation horn the visible spectral 
region, have shown that Planck’s formula ho’ds here also within the 
limits of experimental error. In addition to the diieet method of test¬ 
ing Planck’s formula outlined above, its validity is further shown by 
the fact that we can deduce from it directly the Kay leigh-Jeans law, 
viz., *E a = 87 T/4T/A' 1 which holds for large values of AT, Wien’s law which 
holds for small values of AT, the displacement law (viz. A max . x T = 
constant*and E maJc . = constant x 'U), and the Stefan-boltzmunn law for 
total radiation. • The deductions are as follows. Writing the Planck 
radiation foriffula in the form— 

87 Tch 

-^A ~ • '.h(kk-v _ 


1 


(*) 
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* Ttt kill bd observed that for small values of XT (i.e. small compared 
withV^)-equation (2) becomes :— 


E> 


■ &irch 
= ~\ r 


g—Lh,\ At 


which is Wien’s law of energy distribution. 

On the other hand, for» large values of XT the term e ch ^ K in (2) is 
small and may be expanded in the form, 1 + chj\k T, whence, 


8 TTCh X/&T Stt/v-'T 

X' 1 ‘ 7/7 “ a 4 ’ 


which is the Rayleigh-Jeans equation of energy distribution. As already 
pointed out in the preceding chapter, the Rayleigh-Jeans law is based 
on classical statistical mechanics and does not involve the concept of 
quanta. Tn agreement with this it will be observed that if h becomes 
vanishingly small this condition leads to the same conclusion already 
arrived at when XT was small, viz. equation (2) becomes identical with 
the Rayleigh-Jeans expression. 

The Stefan-Jioltzmann expression for total radiation is obtained as 
follows (if. Planck, Heat Radiation , p. 171):— 

For the space density u of all types of thermal radiation in a vacuum 
at a temperature T we have :— 


and since 


it follows that 


foo 

u = I u„dv 


u,.dv — 


87 r//l ,,! 


1 

( Jii jkj 


. dv 


u = 


87 rh |* 
.-a 


«5 


?dv 


J. 


jhi/ki _ 


U = + f- 2hllkr + + . . . y t / v 

and integrating term bv term, 

4871-^ //(*T\* qSuvt 1 . 

*" ? ■{/,) v ■" 1 • 

where a stands for the series : 1 + - , + ■ t + ... = 1 '0823. 

^ J • 

It is thus seen that the space density of total radiation ^thieh is 
directly proportional to the amount of energy of all wave-kngths radiated 
from a black body per second at temperature T) is proportional to I* as 
the Stefan-lioltzmann law requires. The symbol u is identical vjith E 
already employed in this chaptef 
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We+iave next to show that Planfck’s equation leads to the displace¬ 
ment law of Wien. • 

denoting by A max< the wave-length at which the thermal radiation 
emitted from a uniformly heated enclosure attains a maximum it follows 
that:— ,J r 

'*E a \ 

c/A /A= A max 


On differentiating Planck’s equation (2) with respect to A, substitut¬ 
ing the value A max . and equating to zero, we obtain :— 


whence 


e 


ch 
hi A 


max. 


+ 


ch 

5*TA 

max. 


I 


chtk TA max . = 4-965* 


o 


or 


Ama-c. * f = (6/4-96516 — a constant 


as is required by the displacement law. 

Further, writing down equation (2) and allowing for the fact that at 
the position at which the E i» a maximum the wave-length multiplied by 
the temperature is a constant, l? say, we have:— 


E 


ma\. 


Sirch T - ‘ I 

//’ ‘ _ j 


const, x T’. 


Planck’s expression is thus a vciy comprehensive one. 1 From it may be 
deduced all the observed relations characteristic of radiation from a 
black body or full radiator. 

We have now to employ certain experimental values obtained in 
radiation measurements in order to calculate the values of the two 

1 To emphasise further the fact that Planck’s formula is at variance with the 
principle of r(/i«partmon ol energy among various degrees of freedom, it is inter¬ 
esting to calculate the energy oi an electron vibrating with a frequency identical 
with that of the ultra-violet region when light is emitted, and compare this energy 
with the energy of an atom or of a gaseous molecule possessing the mean kinetic 
energy characteristic of ordinary temperature (say 300° absolute), {cf. J. btark, 
Zeitsch. physik. Chem., 86,53,1913). The frequency v for the ultra-violet region 
will be about 5 x ro 11 per second. Planck’s expression for the mean energy of a 
single resonatoi is, as we have already seen— 


For ordinary (low) temperatures—T — 300°—this expression reduces to 0 = hue * T , 
since v is large_and T small. The mean energy of an electron resonator is there¬ 
fore 0 , where U = 1 x io' lc ergs. The mean kinetic energy ol a gas molecule 

at the Quinary temperature — ‘-AT = 6 x 10 04 ergs, so that instead of equipartition 

■ • 4 

of energy we fupd that the energy of the electron vihrating in the atom or molecule 
is only one five-hundredth part of the mean kinetic energy of translation of the 
molecule itself. This argument, it will be observed, is based on the Planck Oscill¬ 
ator. • We shay, jee later however that the actual motion cf an electron in an atom 
is very different from t^nt envisaged here. Cf. the atomic model of Bohe (Chap. V ). 
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fundamental Constants h and k. The latter is the gas constant reckoned 
for a single molecule and ndt for the gram-molecule. It is evident that 
the accuracy with \#hich h and k can be calculated depends on the ac¬ 
curacy of the radiation‘measurements themselves. In Appendix 3 a 
number* «f values are^collecte^, based on a critical examination by 
Coblentz of the best existing data. Jfor the present purpose it is suffi¬ 
cient to indicate the metho^ of calculation of the constants, employing 
the experimental data of individual investigators. The more exact value 
of h based on the average of a considerable number of measurements is 
appended. 

Kurlbaum ( Wied. Ann., 65 , 759, 1898) has found by experiment 
that the total energy emitted from 1 square centimetre of a “black 
body ” in 1 second, the temperature of the body being ioo° C. and 
that of the air being taken as o° C., amounts to 0^073 t watt/cm. 2 , that 
is— 

S*= S]„„o C . - S () o c, = 4‘2 x 7-31 X io ,r> ergs/cm. 2 -sec. 


By applying Stefan’s law we obtain— 

S = tr(373 4 - 2 73 4 ). 

4-2 x 7-31 x 10 5 ergs 

v373 4 — 2 73 ) cm.--sec.-degrees 4 

The physical significance of <r is evidently the total radiation 
emitted from a black body per second, when the temperature differ¬ 
ence between the black body and the surroundings is 1 degree, the 
temperature of the black body being i° absolute, the surroundings 
being at o° absolute. Corresponding to this emission at i° absolute, 

we see that K or u, i.e. the total energy density, is ^ ^ IO Tu’ ^at— 


Bjo abs 


4-2 x 7 ‘3 ( x jo : “ 

3 x io l "(373* - 273 4 ) 


7 - o6i x 


10 


—l :* 


ergs 

c.c. ’ 


Now E = I or ujv and E A or u v is given by Planck’s 

Jo J 0 

expression. We have already obtained a value for u or E so that we 
can write (remembering that T = 1)— 


Ejo abs 




did 


x 10823. 


Setting this equal to the “observed” value of Egabs., 

7*061 x io —15 , we obtain— 

= 1*1682 x io ir> . . • • (3) 

ir * 

Further, Luramcr and Pringsheim ( l'crh. d. Deutsch. physik. GeselL, 
2, 176, 1900) have determined the value of A max . I, where Xn, ax .Js the 
. yvave-lengfch corresponding to tVu? maximum value^of E A fromblack 



46 ' 


A SYSTEM OE PHYSICAL CHEMISTRY 


body radiating at a given temperature. The expressibn 'X max . >< T i£’ 
a constant independent of temperature, as Wien has shown, the numeri¬ 
cal value found by Lummer and Pringshcim being «o'294 cm. degrees. 
We have already seen, on the basis of Planck’s formula, that— 

i ' 


or 


h 

k 


\ 


max. 



4-9651 x 0-294 
3 x 10 10 


ch ‘ 

4-965^ 
4-866 x 


TO 


— 11 


( 4 ) 


My combining equations (3) and (4) we obtain finally— 

h — 6 55 x 10— 27 erg/sec. 
k = 1-346 x io _10 erg/degree. 

Millikan (. Proc. Nat. Acad. Sc/., 3 , 3T4 (1917)) givbs as the 

most accurate value of the charge e on an electron, the quantity 
4-774 + 0-005 x io —1 ° electrostatic units. Knowing this quantity and 
the value of ejm, viz. 1-767 x io r , and also knowing Rydberg’s con¬ 
stant for the Maimer series in the hydrogen spectrum, 1 viz. 3-290 x io Ul 
according to Millikan, the value of Planck’s constant h may be calcu¬ 
lated with a high degree of precision. The value given by Millikan is— 

h = 6-547 ± o-ot 1 x 10 27 

which is in close agreement with that “ observed ’ by Millikan (6-56) 
and by Webster (6 53). More recently, Mirge ( Physical Rev., 14 , 361, 
1919) gives as the most exact value— 

h - (6’5543 ± o’0025) * to 11 . 


The Significance of the. Constant k, and a Determination of the Number 
of Mo/ccu/es in one. gram-molecule. 

Consider once more the Planck expression for the energy of vibra¬ 
tion of a large number of similar resonating particles emitting mono¬ 
chromatic radiation, viz .— 

VU - N < _ 

The expression e f > kr - 1 may be expanded thus— 

AT + IGt)' + hight ‘ r POWCrS - 

If now we 4 tre dealing with a system vibrating at very high tempera¬ 
te/. Bohr’s tfieory of the atom (Chap. \\), according to which Rydberg’s con¬ 
stant = - - “ 
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• • ^ * 
ture if will be seen that the above expression becomes — . That is, 

k 1 

at high tejnperature*— 

N< 


2 U = = N/6T. 

' C 

/7T ’ 


Exactly the same result is obtained at less high temperatures if the 
system is vibrating very slowly, for in this case v is small (relatively), 
and since e = hv the quantity e is likewise small. In both cases the 
quantity t vanishes from the expression for the sum of the energies of 
the vibrating particles, this energy being simply proportional to the 
absolute temperature. Under these conditions we reobtain the results 
of the ordinary kinetic theory, i.e. the principle of equipartition of 
energy, it being no longer necessary to consider the energy as other 
than continuous. The principle of equipartition of energy is therefore 
true as a limiting case for large values of T and tor small values of v. 
Suppose that we are dealing with a solid radiating energy at a tempera¬ 
ture sufficiently high that the eneigy of vibration of the resonators could 
be represented by N/’T. The resonators, as employed by Planck, are 
linear, i.e. they possess r degree of freedom, to which one would ascribe 
(if the equipartition principle applied, i.e. if T is sufficiently high) |RT 
kinetic and .fRT potential, in all RT units of energy per gram-mole or 
gram-atom, if a monatomic solid be considered, and if the atoms be 
identified with the resonators. 1 

Hence, the term iU reckoned for N “linear” atoms where N is 
now regarded as the number of atoms in a gram-atom (or molecules in 
a gram-mole) should be identical with RT. That is, RT = XrNT, or • 
R = X’N. The constant k is therefore simply the gas constant reckoned 
for a single molecule. 

This may be tested at once by calculating N from the known value 
R (per mole), and from the value of k calculated from radiation data, 
using Planck’s formula. In this way it is found that N — 6'i 75 x io 2;$ , 
a number which agrees very well indeed with the values obt lined by 
Perrin and Millikan {ef. Vol. I., Chap. I.). This “radiation” method 
may therefore be regarded as a new and independent method of cal¬ 
culating the Avogadro constant. The value of N just given leads to 
a value for the charge on an electron, viz. 4’69 x ro 10 electrostatic 
units, which agrees well with Millikan’s value, 4774 x to 10 .' j 

1 The actual atoms in solids vibrate with three degrees of freedom. For the 
present we are considering “ linear ” atoms or atoms posses ing 1 degree of 
freedom. 

,J In the above calculation the value of k was obtained from radiation, data. 
The most accurate, because the most direct, method of obtaining k simply to divide 
R by N. 

According to Millikan the most accuiate value for N is 6 m62 x 10"". 

, R SV2 X TO” ^ , » 

k -- —- - ... ^ 1-37 x io- |h ergs/degree. *• a 

“ N G062 x io J3 J/ hi & 


Hence 
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Numerical Values of the Size of the Quantum c in‘different Spectrttl 

Regions. • * • 

In the following table are collected some.values of (hr) extending 
over a wide range. The longest wave measured by Rubens, in tgio, 
was X gofx, though still longer vvates have been measured more 
recently. Ihe shortest wavcMcngth quoted is or loo/ifi 

(Schumann). 

Wave-length A. - hv 


= 9°M.3'3 

A — 6 ft ..... . 5 

A = 2 fi. (This is the region of maxi-'i 

mum intensity when the body is at 1*5 
1646” absolute) . . . . J 

A — o'tifi. (This is approximately the) 

limit of the visible red) . . / ^ 75 

A = o‘4/u. (This is approximately the \ 

limit of the visible violet) . . J 7 5 

A - o*2ju. (This is the limit obtainable \ 

with a quartz prism) . . . j 1 5 

A = O’l/u. Schumann rays . . . 3*0 


io 1, 

io 1: 


i x io- J ergs 
3‘3 * no- 1 

yq x io -1 

t 

2-47 x 10 - 

4-95 X IO- 

9*9 x io *- 1 
i-q x 10 —' 


Over the region referred to the value of e thus varies fiont io _u to 
io~ 14 ergs, according to the vibration frequency of the resonator, i.e. the 
vibration frequency of the radiation. As already pointed out, the reson¬ 
ators emitting short waves arc probably electrons, those emitting long 
waves are probably the atoms. As regards the total energy emitted from 
a heated body, we can neglect the portion due to wave-lengths shorter 
than o-8/x, i.e. wc can neglect the visible and ultra-violet regions. This 
is true, of course, only for bodies the temperature of which is not higher 
than 1600° C. If the temperature of the radiator be raised much higher 
than this, the contribution from the visible may no longer be negligible, 
since in accordance with Wien’s displacement law the position of maxi¬ 
mum energy emission shifts towards the shorter wave region the higher 
the temperature. A body with the temperature of the sun (say 
6ooo° C.), radiating purely thermally (without chemical effects in ad¬ 
dition, as is the case with the sun), would have its maximum emission 
of energy at A. = 0-5^ approximately, i.e. in the blue-green region. It 
is of course quite impossible to realise a temperature so high as this 
under any experimental conditions. 

In connection with Einstein’s view of the quantum hypothesis, 
namely the view that radiation itself consists of small units travelling 
through spaqy, \t is necessary to point out one important phenomenon 
which it is very difficult to reconcile with this view. The phenomenon 
is that of interference of light, when two beams starting in the same 
pha'se have Tiaversed paths which differ in length. The difficulty of 



PLANCK'S SECOND QUANTUM HYPOTHESIS ' '49 
* • . 

■expecting interfeftnce on the Einstein view is very considerably, espe¬ 
cially when it is recalled that interference can be produced—as in 
certain experiment^ of Michelson—with a difference of path of 40 cms., 
a distance which is enormously great compared with one wave-length. 


Planck’s Second Quantum Hypothesis. 

Planck's Modified Equation for the Energy of an Oscillator . 

(Cf. Planck, Ber. d. Deut. physik. Gesell ., 13 , 138, 1911.) 

The essential modification here introduced is that while emission 
of radiant energy takes place in quanta, and therefore discontinuously, 
absorption can take place continuously. Planck was led to consider 
this as more probable than the older view, one important reason 
having to do with the question of time. Supposing absorption took 
place in qtanta only, then an oscillator might be exposed to radiation 
so weak as not to yield even one quantum, under which condition the 
oscillator would absorb no energy at all. This would be especially true 
for large values of v (large units). Further, even in those cases in 
which absorption could occur, it is conceivable that in weak radiation 
there might be a time interval. 

On the former view the energy U of an individual oscillator could be 
expressed by U = nt, where ti is an integer. If absorption is continuous, 
the total energy can no longer be regarded as an exact multiple of e, but 
could in general be regarded as consisting of nt units plus a quantity p 
over. That is— 

U = nt + p. 

Now the limits for the value of p are zero and one t. If we are 
considering a large number of oscillators p will have an average value 
c hv 

- or - , so that we can write for an individual oscillator— 


U = nt + 


hv 


On the older view Planck’s equation for U, i.e. the mean energy to 
be ascribed to one oscillator in a system containing many, is — 


U = 


hv 


ghvjk t _ j 1 


The new expression for U can therefore be written- 

hv 


or 


^ ghvjkr 

— hv/e hvlky + i\ 

U = 2 i )■ 


hv hv/ 2 \ 

— 1 2 ~ 2 \e lu 'l kr — 1 1 / 


Planck joints out several cinsequences of this ne >» expresslcui. 
VOL. in. 4 * 
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When ‘T = o, U is not = o, but = —. This “residual energy” re¬ 
mains with the oscillator even at o° absolute. It cannot lose it since 
it cannot emit anything less than one hv. “ At high temperatures and 
for long waves in the region where the Jcans-Raylcigh Laty; holds .the 
new formula passes into the old.” e . 

For short waves (visible and ultra-violet region) e hvlkr becomes 
large compared with unity, and we have— 



As regards the question of the specific heats of solids considered in 
the following chapter, it is pointed out by Planck that measurements of 
specific heat cannot be used to compare the older and newer forms of 
U since Cy is dXJjd'Y, and differentiation removes the additional term 

Planck doubts whether the new' expression can be tested experi¬ 
mentally by any direct means. 1 

In the case of actual matter we naturally look for the oscillators to 
be associated in some way with the ultimate particles which constitute 
matter. The oscillators may be electrons or atomic nuclei or parts of 
the latter. The discontinuity assumed in the emission process has been 
pictured by Sir Joseph Larmor ( Phil. Mog., 42 , 592 (1921)) by making 
use of the analogy of a clock in which the periodic movement of the 
pendulum is maintained for a relatively long period of time (that is, for 
a period during which the oscillations of the pendulum are numerous 
and regular) by the energy of a coiled spring acting through the escape¬ 
ment. If the pendulum were left to itself it would rapidly sloftv down 
to rest. The function of the escapement arrangement in a clock is to 
give (liscontinuously a certain small amount or quantum of energy to 
the pendulum to keep it going without disturbing its regularity of 
motion. On the Rutherford-Bohr view' of the atom which is discussed 
in Chap. V. an atom is supposed to con si-.1 of a nucleus surrounded by 
a number of electrons, the latter determining the chemical properties 
of tlie atom as well as the spectral emission. On Larmor’s analogy the 
coiled spring is identified with energy associated with the nucleus which 
is transferred by something analogous to an escapement to the outer 
electrons which thus function as the pendulum. “ A connection between 
the feed of energy and the free period e = )iv is, however, wanting. 
Perhaps also the clock may be reversible and by absorbing incident 
radiant energy of proper periods into its pendular system may wind up 
its spring—pointing ultimately to instability and ejection of a particle 
from thy core in the manner recognised.” 


1 Planck refers to a paper by Stark ( Phys. Zeitsch., 9, 767 (1908)), on the 
application oflrhe quantum theory to canal rays. As regards an attempt to dis¬ 
tinguish between the old and new form of the quantum theory, see A. Einstein and 
O. Stern (Anncilen dcr Phystk, [4], 40, 551, 1913). Cf. also Chap. IX. of this Vol., 
ssction deahng'with heat of reaction. 
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Planck’s Thiijd Quantum Hypothesis. 

(QQPlanck, “ A« Altered Formulation of the Quantum Hypothesis,” 
Sitzungsher. Prenss. Akad., 1914, p. 918). 

The assumptions employed by Planck in this modified form of the 
Quantum Theory are as follows :— 

1. The exchange of eneqjy between the resonators and the radiation 
is regarded as continuous for emission and absorption equally. This 
replaces the second formulation according to which emission is discon¬ 
tinuous, absorption continuous. The new assumption means that the 
interchange of energy between oscillators and radiation is governed by 
classical electrodynamics, so that, for example, the mean energy U of an 
oscillator is related to the energy density of radiation by the expression— 


2. The exchange of energy between resonators and free particles 
(molecules, ions and electrons) occurs in terms of quanta. In the 
collision of a free particle with a resonator it is assumed that the latter 
gives up to the particle the whole of the (vibrational) energy which it 
happens to possess at the moment, whilst the particle imparts to the 
resonator the largest amount of its own kinetic energy which can be 
represented by a whole multiple of the quantum hv, v being character¬ 
istic of the resonator. In the case of solids it is assumed that there 
are a few vapour molecules present which function as the intermediaries 
and exchange energy in terms of quanta with the resonators. At the 
same time the number of such vapour molecules is regarded as being 
too small to affect sensibly the specific heat of the solid. 

The view is more logical than the Second Hypothesis. The main 
difficulty is to conceive of a physical interpretation of an oscillator. 

Planck’s radiation law has been deduced by Einstein by a method 
which does not require any detailed information regarding the mechanism 
of the interaction between resonators and radiation. This is given in 
Chap. V., section entitled : “ Einstein’s use of a generalised Bohr model 
to deduce the radiation law of Planck.” 

Up to this point the most important experimental evidence which 
we have considered in support of the quantum theory is the fact that 
Planck’s radiation formula quantitatively reproduces experimental values 
over the entire range of the spectrum investigated. In the next chapter 
we shall deal with further experimental evidence in connection with the 
atomic heats of solids which likewise is strongly in favour of die con¬ 
cept of quanta. *• 



CHAPTER 171 . 


(Physical equilibrium in solids)—Theory of atomic heats of solids—Equations 
of Einstein, Nernst-Lindemann, and Debye. 

Einstein s Extension of Planck's Quantum Theory to the Calculation of 
Specific Heats of Solids (Crystalline Substances ) and Supercooled 
Liquids (“ Amorphous Solids (Cf Einstein, Annalen der Physik, 
[4], 22, 180, 1907.) 

The specific heat of a substance at constant volume is defined as the 
increase in total energy when the substance rises i° in temperature. 
Let us take as our unit of mass the gram-mole or gram-atom (in the 
case of monatomic substances), and we then can write— 

r - dXJ 

v ~ dT‘ 

Note.— U here stands for total energy possessed by the substance at 
a given temperature. It is not to be confused with the significance 
attached to U in the “ elementary thermodynamical treatment ” (Chap. L, 
Vol. II.), in which “ U ” stood for decrease in total energy due to chemical 
reaction. w 

Let us now restrict our attention to solids (or supercooled liquids), 
taking as particular instances the metallic elements. These, as we have 
seen, are regarded as monatomic, so that the gram-atom and gram- 
.molecule are identical terms in these cases. Now we want to find out 
to what the total or internal energy of a metal is due. It is usual to 
regard the solid state as characterised by vibrations of the atoms about 
their respective centres of gravity. Such vibrations can, of course, take 
place in the three dimensions of space, i.e. each atom possesses three 
degrees of freedom. As we have seen, each vibration represents energy, 
one-half of which is kinetic, one-half potential, as long as the amplitude 
of the vibration is not too great. This vibrational energy is regarded 
as representing all the internal energy possessed by the atom, at least 
at low temperatures (at high temperatures the energy of vibration of 
the electrons inside each atom would have to be considered, but at 
ordinary temperature and at lower temperatures the total energy of 
the st»lid may be ascribed to the vibration of the atoms). We have 
already discussed this, and we have seen that on applying the principle 
of equipartition of energy the atomic heat of metals should be 
3R == 5*955 cals, per degree, and that this should be independent of 
temperature. As already pointed ode, this numerical valuer is certainly 

« 1 t 



ATOMIC MEATS OF SOLIDS 


S3 


approximated* to at ordinary temperatures, but instead of being in¬ 
dependent of temperature, it varies, becoming continuously smaller as 
the temperature is lowered. The question therefore which arises is 
how this variation with temperature is to be accounted for. Einstein 
in 1907 frfh.de the first successful attempt at the solution of this problem 
by Suggesting that Planck’s quantum theory—which Planck himself had 
applied with so much success to the problem of the emission of radiant 
energy—could also be applied to the vibrational energy of the atoms, 
i.e. to the total internal energy of the solid, the temperature coefficient 
of which is identical with the specific or atomic heat of the substance 
in question : Planck’s expression for the average energy of vibration of 
a linear resonator {i.e. an atom vibrating along one of the dimensions of 
space) is, as we have seen— 




U = 


hv 

e hvfkT _ j" 


[It will be observed that we are employing Planck’s earlier hypothesis.] 
The energy of vibration of an atom capable of vibrating along the 
three dimensions of space will be three times this quantity, and if we 
denote this average vibrational energy per gram-atom by U, we get— 

it = sN/zv 

U e hv[kr _ j ‘ 


The significance of U is identical with that which has been ascribed to 
it in Chap. II., Vol. II., namely, the total energy per mole or gram- 
atom. In the case considered one-half of U is kinetic, one-half po¬ 
tential energy. N denotes the number of atoms in one gram-atom. 
On Plahck’s earlier view the vibrational energy possessed by each atom 
must be an even multiple of one quantum. On the “ classical ” 
view (“ structureless energy,” so to speak) we should say that all 
possible differences in energy content would manifest themselves in 
a system made up of a large number of vibrating particles. On apply-- 
ing the unitary theory of energy we must recognise that a number of 
atoms have no vibrational energy at all, i.e. are at rest. Of those 
vibrating the energy content cannot fall below the quantum e, where e 
is three times Planck’s quantum e. We have, therefore, sets of atoms 
containing energy of the following amounts :— 


o, e, 2 c, 3c, and so on. 


In order to bring the expression for U given above into the form 
.used by Einstein, Nernst, and others, we shall make a slight change in 
the symbols. If we denote the ratio of Planck’s two fundamental con¬ 
stants k and h by we can write ^ = y3 0 = 4-87 x 10 — 11 C.G.*S.units. 

R . • R 

Also, since k = where R = i'98s calories, we can write hv = 


1 This is frequently written as 0 . TJhe slight change is here introduced to pas- 
vent any conAsion with 0 , one of the terms in Nernst’s “ healttheovm ’’equations 
of A and U. . * ’ 
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The expression for U then becomcs- 

'I r - i‘ 


U = 3R . 


It will be observed that this equation differs from the expression 
3RT (obtained by applying the ^////partition principle, energy being 

;• R v 

regarded as continuous), by the substitution of the term - - in 

place of T. 

Differentiating U with respect to T we obtain Einstein's equation 
for the atomic (or molecular) heat of a solid at constant volume, 7’is .— 

. (P" t ' 

r = = -jR s 1 

' r/T A “(^«-/‘ _ 

On the “ classical ” view, tile factor multiplied by 3R would have been 
unity. The “ correction ” term will be seen to contain T and is there- 

ir/f/ 

AT 




fore a function of temperature. On Einstein’s tlieoiy one would expect 
the atomic heat itself to be a function of tcmperatuie, as is experimentally 
the case. Qualitatively, therefore, this marks a considerable advance over 
the older theory. It still remains to be seen whether the expression 
given really reproduces the values of C r at various temperatuies quantita¬ 
tively. The shape of the curve for as given by Einstein’s formula 


is shown in the accompanying figure (Kig. 5), in which the ordinates 

represent atomic heats and the abscissae the temperature expressed in 

T . 

terms of —. For any given substance the vibration frequency is taken 

, Po»' 

to be«n constant. 


It will *&e seen from the figure that when >• o*y the term 

/V 

^ * 3 1 iy y • approximates to unity, so that the atomic h&it becomes 
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equal- to 3R. Pulong and fVtit’s Law is, therefore, a consequence of 
Einstein’s theory when the temperature is not too low. This region of 
temperature is evicfently. reached at room temperature in the case of 
the majority of metallic elements. As in radiation phenomena we see 
that the cquipartition principle ifpplied in the ordinary way yields results 
(in "connection with atomic heat) which are in agreement witli experi¬ 
ment when the temperature icaches a certain magnitude. Einstein 
tested his equation not on the data available in the case of a metal but 
on the diamond. Some of the results are given in the subjoined table. 
They are also indicated by circles in the figure. Einstein chose the 
experimentally determined value for C,, at T — 331-3° and hence 
calculated v, using the value so obtained to calculate the values of C v at 
other temperatures. The experimental data (quoted) refer, as a matter 
of fact, to C„, i.c. the atomic heat at constant pressure. In the case of 
the diamond—though not so in other cases—the difference between 
Cp and C„ is small. In the following section we shall consider the 
question of the independent determination of v and C t , respectively. 


Atom ic 

IIkat or 

Cariion (Diamond). 

T (absolute), j 

I 

i . 

'17 Ik"- 

C ;i calculated from 
Einstein's equ \tion. 

obserxed 

r 

(Weber). 

i 

222q i 

1 

0" 1679 

0762 

O 76 

262 '4 

00980 

1-146 

TI 4 

2 »37 

0-214 1 

1-354 

173 5 

306-4 1 

0-2412 

1 -582 

x-58 

33 x '3 

0-2500 

I-838 

1-84 

3 5 s "5 

0-2705 

2-r 18 

2-12 

| 

°‘3 1 17 

2 -661 

2-66 

479-0 

0-5615 

3-280 

3-28 

520-0 

0-5924 

3 ,f > 3 i 

3" 6 3 

879-7 

0-61158 

5-290 

| S -29 

1079-7 

0-8147 

5 3 S 7 

5‘39 

1258-0 

0-9405 

5 - 50 / 
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Measurements of (\, of the diamond at low temperatures down to 
30° abs. have been carried out by Nernst, who discovered the remark¬ 
able fact that the theimal capacity of this substance tends practically to 
zero, even at the temperature -f 50° abs. Between this temperature 

and absolute zero, C v or y, — o. We have already had occasion to 

point this out in connection with Nernst’s heat theorem. From the 
shape of Einstein’s curve (Fig. 5), it will be seen that C v is* tending 
towards zero at a temperature higher than o° abs. It thus appears that, 
as far as the diamond is concerned, Einstein’s theory reproduces experi¬ 
mental values with very considerable fidelity. While giving full weight 
to such general agreement, it is^iecessary to point out that this agree¬ 
ment is faf from being complete in njgny other cases. \^e shall •return, 

r * 
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to this after having described in outline the experimental methods of" 
determining C„ and the characteristic vibration frequency v. 

f 

r i i 

Experimental Measurements of the Specific Heats of Solids, especially 

at Low Temperature. « 

(Cf Nernst, Joarn . de Physique , [4], 1910; Nernst, Koref, and 

Lindemann, Sitzungsbcr. Berl. Akad , 1910, vol. 1, p. 247 ; ibid., Nernst, 
p. 262 ; Nernst, Annalen der Physik, [4], 36 , 395, 1911-) 

One form of calorimeter consisted of a heavy vessel of copper (about 
400 grams in weight), the good thermal conductivity of such a mass 
of copper doing away with the necessity of stirring the substance, which 
is, of course, impossible in the case of solids. This was enclosed in a 
Dewar vacuum vessel, placed in a bath, the temperature of the calori¬ 
meter being measured by means of thermo-couples. The substance to 
be investigated was heated or cooled to a known temperature, and in¬ 
troduced into the calorimeter, the change in temperature of which was 
observed. Knowing the heat capacity of the calorimeter, the specific 
heat of the substance could be obtained. This method worked admir¬ 
ably, but of course it is limited to the determination of mean values of 
C„, holding over a considerable temperafyirc range. For the purposes 
in view, it was necessary, however, to be able to determine C v for small 
temperature ranges, that is for a consecutive series of “ points ” on the 
temperature scale. To accomplish this, a different procedure had to 
be adopted. 

The principle of this second method consists briefly in making the 
investigated substance itself act as its own calorimeter. The substance 
could be heated electrically by means of a platinum spiral, through 
which a known quantity of electrical energy was passed, as measured 
by an ammeter and voltmeter in the circuit. The rise in temperature 
of the substance was obtained by using the heating spiral itself as a 
resistance thermometer, i.e. its resistance was observed by means of a 
bridge, before and after the heating of the substance, the alteration in 
resistance giving the temperature change. Knowing the mass of sub¬ 
stance employed, the electrical energy supplied, and the rise in tempera¬ 
ture, it is easy to calculate the specific heat of the substance. This 
extremely ingenious method was worked out by Eucken, in Nernst’s 
laboratory {Physik. Zeitschr., 10 , 586, 1909), and has been employed 
by Nernst and his collaborators for the accurate determination of specific 
heats of substances at various temperatures, extending over a wide range, 
even down to the temperature of liquid hydrogen. A few details may 
be given here. A pear-shaped vessel of glass (shown in the accom¬ 
panying figure, Fig. 6) contains the calorimeter K suspended by the 
’‘wires w*,ich are connected to the heating spiral. By means of a Gaede 
pump, together with a vessel of charcoal cooled in liquid air, a very 
good vacuum is maintained in the glass vessel, so as to prevent any loss 
of hqgt by convection. The calorimeter K {i.e. the substance itself), 
togbthijr with the connecting wires, is brought to a certain temperature, 
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trhicji is rapfdly' brought abput by substituting hydrogen gas m place 
of air (since the hydrogen conducts thermally so much better). The 
hydrogqn is subsequently removed, the vessel being evacuated. The 
spiral resistance is of purest platinum. Its change in resistance with 
terriperafifre was calibrated by oomparison with an oxygen gas thermo- 
rtieter. The calorimeter K varied in construction, according as to 
whether the substance investigated conducted heat well or badly. The 
first type shown in the figure is suitable when the substance is a metal. 
It consists of a small cylinder of the metal, having a cylindrical hole 
drilled almost throughout its length. Into this a plug of the same 
metal fits loosely, the heating spiral occupying the space between. To 
insulate the spiral thin paraffined paper was employed, liquid paraffin 
itself being finally poured in. The upper part of the plug is somewhat 




Fig. 6 . 



thicker than the remainder, good thermal contact being thus obtained. 
For substances which conduct heat badly the second form of calori¬ 
meter was employed. A vessel of silver was used, the platinum spiral 
being wound round a cylindrical sheet of silver, which served to spread 
the heat rapidly. Electrical insulation of the spiral was maintained by 
the help of shellac and thin silk. The platinum wire, on entering the 
calorimeter, passes through a small insulating tube, and finally, after 
passing through the body of the calorimeter, ends on the silver vessel, 
to which a lead is attached. It was found that some air musi ^>e left 
in the calorimeter itself (not in the pear-shaped vessel), so as to ensure 
better thermal conduction, and attainment of equilibrium. * Nernst also 
describes a third form of calorimeter, suitable for liquids, details of 
which will be found in the paper c^.ed. The heat capacity of the fittings 
of the calorimeter K—other than the* actual substantie examii^d^-was 
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determined, and found to agree well wtfh that calculated from the 
known masses and specific heats of the substances employed. When 
the pear-shaped vessel was well evacuated, the temperature of. the sub¬ 
stance, i.e. the calorimeter K (as measured by the resistance of the 
spiral) was found to remain remarkably Constant, for a considerable time, 
even when K had been previously cooled down to very low temperatures, 
by placing the non-evacuated pear-shaped, vessel in contact with liquid 
air. Similarly, after cutting off the current the new (final) temperature 
was again found to remain constant, and be accurately measurable. 
Nernst considers that the probable error in the results does not exceed 
i per cent., and may be much less. 

Some of the experimental data, obtained by the above means, have 
already been given in dealing with Nernst’s heat theorem, and other 
examples will be given when we take up in greater detail the question 
of the applicability of Einstein’s expression to the atomic heat of solids 
in general. 

Methods of Determining the Characteristic Vitiration 
Frequency of a Solid. 

First Method. 

This depends on the direct measurement of the “ Reststrahlen 
(Residual Rays).” Many substances possess the properly of selective 
reflection, that is they powerfully reflect lays of certain wave-length. 
The rays which are most strongly reflected in the case of incident light 
are those which are most strongly absorbed when the light is transmitted. 
The wave-lengths strongly absorbed are identical with the characteristic 
wave-lengths corresponding to the natural vibration frequencies of the 
substance, for it is when the light has the same frequency as that of the 
vibrating atom that it is most strongly absorbed. Jf a beam of incident 
light of all wave-lengths, that is to say, a beam emitted by a heated 
black body, is reflet ted successively from a number of pieces of* the 
solid in question, at each reflection the beam will become purer, that is 
the reflected light tends more and more to consist of the vibration 
frequency characteristic of the solid. The rays which survive after 
having suffered a number of such reflections are called the “ Residual 
Rays.” The measuiement of the w'ave-length and the energy of such 
Reststrahlen has been principally carried out by Prof. Rubens of Berlin 
and his collaborators, although the idea was that of Beckmann in the 
first instance (cf. Rubens and Nichols, Annalen der J’hysik, 60 , 418, 
1897 ; Rubens and Aschkinass, ibid., 65 , 241, 1898 ; Rubens, ibid., 69 , 
576, 1899; Rubens and Kurlbaum, ibid., [4J, 4 , 649, 1901 ; Rubens 
and ijollnagel, Phil. Mag., [6J, 19 , 761, 1910). These rays correspond¬ 
ing to the vibration frequency of atoms are naturally far in the infra-red 
region. The apparatus employed is shown diagrammatieally in the 
figure (Fig. 7). L is the electrically heated black body emitting waves 
of all frequencies. and D., are diaphragms of small aperture. S is 
a scr^r*y The diaphragms and screen are kept cool with w£ter at room 
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temperature. The substance under examination is represented by 

Pi, P3» TV The surfaces of these pieces are polished as highly as 
possiblei. M is an adjustable mirror and T the thermopile. A diffrac¬ 
tion grating of special make could be inserted in the path of the beam, 
thereby analysing it into a specfrum, the position of the energy maxima 
corresponding to the characteristic vibration frequencies of the substance 
P being determined by meai\s of the thermopile. In later experiments 
the grating had to be abandoned owing to the large amount of absorp- 



Fig. 7. 


tion suffered by the rays in passing through it. Instead, an interference 
method has been devised—see the paper by Rubens and Hollnagel, 
Phil. Mag., l.c. The following table contains some of the results 
summarised by Rubens and von Wartenberg ( Sitzungsber . konigl. preuss. 
Akad., 1914, p. 169). In actual experiment two bands are usually ob¬ 
served fairly close together. One of these, however, is due to the 
presence of water vapour (Rubens, ibid., 1913, p. 513). 

Residual Rays Characteristic ok Certain Solid Salts. 


Substance 

Wave-Length m 

NH 4 C 1 . 

5 r '5 

NaCl 

52-0 

NII 4 Br . 

59‘3 

KC 1 

63’4 

ArCI 

81-5 

KBr 

82-6 

PbCL . 

QI ’() 

T 1 C 1 . 

gi-6 



Wave-Length in ft .. 

AtfCN 

93 approx 

KI . 

940 

HfiClo 

95 approx 

CaCO, 

08-7 

Hk 2 C1„ 

98-8 

AgBr 

I T 2'7 

T115r 

1170 

Til 

I5I*8 


Second Method. 


This is an indirect method due to Einstein ( Annalen d. Physik } [4], 
34 , 170, 1911). From consideration of the distribution of atoms in 
metals and the forces acting upon them when they are displaced from their 
centres of gravity during vibration, Einstein obtained an approximate 
expression for the characteristic vibration frequency' v in terms of 
the compressibility K, the atomic (or molecular) volume V, and the 
atomic (or molecular) weight M, which may be written as follows;— 


v 


2*54 x *10' 


V* 

MiKi; 
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Using Griineisen’s data for the compressibility ( Ann .* der. PAysik, 
25 , 848, 1908), Einstein calculated the following characteristic vibration 
frequencies:— * 

Some ok Einstein’s Values for v . 


Substance. 

9 

V 

Substance. 

V. 

A 1 . 

6"6 x io 12 

Fe 

6*5 x 

Cu . 

57 

Pt . 

4 '6 

Ag . . 

4 ' 1 

Pb . 

2’2 

Au 

3 'N 

Cd . 

2-6 

Ni . 

6-fi 

Bi 

i*8 


Einstein himself does not claim that this method is more than a 
rough approximation. Nevertheless the values agree moderately well 
with those obtained by other methods. 


Third Method. 


This method, also an indirect one, is due to F. A. Lindemann 
( Physikal. Zeitsch. y H, 609, 1910). It is based upon the assumption 
that at the melting point T s of a solid the amplitude of vibration of the 
atoms is approximately equal to the mean distance of the atoms apart. Let 
us denote by r s the radius of the circular vibration of an atom (in a 
metal, say), then the mean velocity u with which it vibrates is given by 
u = 2irr s v, where v is, of course, the number of such vibrations per 


second. 

The mean kinetic energy of vibration is \mu" y where m is the mass 
of the atom, and since there is likewise present an equal quantity of 
potential energy, the total mean energy of a vibrating atom is mu 1, or 
4»&7rV s V 2 . Now at the melting point the metals may be considered as 
very closely obeying Dulong and Petit’s Law, i.e. their atomic heat is 
practically 6. That is, the expression for the vibrating energy which is 
given by— 



ft. 


ePo v l T — 1 


reduces to 


3RT, 

N 


for large values of T as already pointed out. 


Hence 


47— 


N 


or 


V oc 



If vte now regard the atomic volume V as proportional to the cube 
of the mean distance apart of the atoms (which distance is identical with 
r s on Lindemann’s assumption), we can write— * 


oc 


3 

YmV 2 / 3 ' 
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• Thd proportionality factor obtained by comparison with experiment 
is 2’So x io 12 , and hence Li&demann’s formula is— 


= 2*8o X 



mV' 21 *' 


It is thus possible to calculate v from measurements of melting 
temperature, molecular weight of the atoms, and the atomic volume. 
This is an extremely convenient method, but has the disadvantage of 
not giving v very accurately. It appears, however, to be somewhat 
more accurate than Einstein’s method (Method 2). The following 
table is given by Nernst and Lindemann (Z Elektrochem., 17 , 822, 
1911). The observed values of v are those given by a formula of Nernst 
and Lindemann which is a modification of Einstein’s expression for 
atomic heat, which at the same time represents experimental values 
more closely. We shall discuss this expression later, but in the mean¬ 
time it may be taken as giving the values of v from atomic heat measure¬ 
ments. 


Lindf.mann’s Formula for “ v ”. 


Substance. 

Moleculai 

Weight. 

Melting 

Foint. 

V 

Molecular 

Volume. 

r 

Calculated by Lin- 
demann's Formula. 

" Observed ’*. 

Al 

27" I 

93° 

10*0 

7*6 x io 12 

8*3 x io 12 

Cu . 

63-6 

1357 

7*1 

6*8 

6-6 

Zn . 

65-4 

692 

9*2 

4*4 

4*8 

Ag . 

107*9 

1234 

10*3 

4*4 

4*5 

Pb . 

2o6*g 

600 

18*3 

i*8 

i*g 

Diamond . 

12*0 

3600 ? 

3*4 

32*5 

40-0 

Iodine 

127*0 

386 

25*7 

1*7 

2*0 

NaCl . 

2g*2 

1083 

I3-5 

7*2 

5'9 

KC1 . 

37 

105 r 

18*9 

5*0 

1*5 


Lindemann’s formula, like Einstein’s, gives only a single mean 
characteristic vibration frequency. For this purpose, therefore, the 
molecule of NaCl, KC 1 , etc., is treated as a single atom having an 
atomic weight one-half of that usually assigned to the molecule of these 
substances. 


Fourth Method. 


This method has also been suggested by Lindemann (Her. Deutsch. 
phys. Ges., 13 , 1107, (1911)). Lindemann has shown (i/nd., p. 482) 
that the characteristic ultra-violet frequency v which enters ipto the 
selective photo-electric effect 1 is given by the expression— a 


Fviolet — 



tie* 

mr* 


Cf. fihap^ VI. 
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where n is the “ valency,” e the charge on an election (in electostatic 
units), m the mass of an electron, and r orfe half of the distance between 
the centres of two neighbouring atoms. , 

Lindemann introduces an expression due' to Haber and 'discussed 
later (p. 190), which connects the ultra-violet frequency with .the char¬ 
acteristic infra-red frequency, v re ^, the relation being— . . 

•'violet M 


• red V m 


where 

atom. 


m is the mass of an electron, and M the actual mass of the 
Combining this expression with that given above we obtain— 


•red — 



Further, if A is the atomic weight, N the number of atoms in one gram- 
atom, and d the density of the substance, then Lindemann shows 
that— 


r 




V 


A 

d . N" 


Hence, 



N. 


Jdn 

A 


But = F = the Faraday = 2-9 x io u electrostatic units. 
Hence, v re d = 1- °95 x 314 


By means of a suitable choice of n we can calculate the infra-red 
frequency of an element from this formula. The calculated values 
agree with those observed, in some cases better than do those values 
obtained by the melting-point method. There is a certain arbitrariness, 
however, in the choice of the valency n, as will be seen from the follow¬ 
ing table which is quoted from Lindcmann’s paper :— 


klemcnt 

I.indcmatm Melting- 
point Formula. 

1-i x 

A ! 

v “ Obscr\ ed 

A1 

7*6 X Itl 12 

8-2 X io 1 - 

8-3 x to 1 ' 2 

Cu 

68 

7-2 

6*6 

Ag • 

4'4 

4-6 ‘ 

44 

Hg ■ 

1 '3 

2*0 

2*2 

Pb 

i-8 

2 '5 

i*g 

Diamond 

> 32'5 

34 ' 1 

40*0 

S 

3'9 

6*6 

7‘3 

1 

17 

r-g 

1 

2*0 


The wetness of the method lies in the selection of the value of the 
valency n of the element under consideration. Of the four methods 
mentioned, Lindemann’s melting-point method is probably the most 
convenient; the < most accurate mf.-thod is undoubtedly^ the direct 
measWdvent of *he frequency of •..he residual rays. 


f 



ATOMIC MEATS OF SOLIDS 


4 

• i 

The System .iff Elements and the Periodicity of the Vibratioji 
Frequency with the Atomic Weights. 

.ICf W. BHtz, Zfitsch. Eleklrochem 17 , 676, 1911.) 

Employing Lindemann’s formula, Biltz has calculated the character¬ 
istic, vibration frequency V for the elements (in the solid state) as far as 
the existing data upon melting point and density permitted, and has 
traced out a relation between*the frequency and the atomic weight. In 
the following table are given the values of v for each element as 
calculated by the help of Lindemann’s formula 1 :— 


Element 

Density. 

II 

0^0763 

He (liquid) 

°' T 54 

Li . 

°'59 

Be . 

173 

C (graphite) 

2 '3 

C (diamond) 

3 ‘ 5 2 

N . . • 

1 '03 

O . 

I’ 13 

F (liquid). 

104 

[Nc (liquid) 

1-24 

Na . 

o‘g8 

Mg . . . 

174 

Al . 

2-66 

Si 

2-49 

P (red) 

2'34 

S (rhombic) 

2*07 

Cl (liquftl) 

1‘66 

Ar (liquid) 

1-42 

K . 

0-87 

Ca . 

1-59 

Ti . 

4 ‘ 5 ° 

Vd . 

5 -K 

Cr . 

f >74 

Mn . 

7'39 

Fe . . 

7*85 

Co . 

8 72 

Ni . 

8 go 

Cu . 

; 873 

Zn . 

7‘12 

Ga . 

575 

Ge . 

5'47 

As . 

573 

Se (grey) . 

4-8 

Br (liquid) 

3 -I 9 

Kr (liquid) , 

2 "i 6 

Rb . 

i* 5 ' 2 

Sr . 

2*63 


Melting-point 

Temperature 

Alomie Weig 

T Absolute 


14 

I’OI 

Ca 2 

379 

459 

b ‘94 

Ca 1200 

9 *i 

3 ft ‘>o 

12*0 

„ 3600 

12*0 

e>'2’5 

I40 

28 

ifro 

50 

19*0 

Ca 2 

20*2 

37 i 

23’O 

924 

24 ’3 

93 ° ! 

27*1 

1700 

28-3 

903 

31-0 

388 

32 1 

171 

35 "5 

8 5 

397 

335 

39 r 

1050 

40T 

2120 

48’! 

1950 

1 5 1 ' 1 

1790 

52-0 

1520 

547 

1820 

557 

1780 

' 59 ° 

i7fio 

] 587 

1357 

63*6 

692 

65*4 

3°3 

! 69 9 

Ca 1100 

• 72-5 

„ 1000 

75 '° 

490 

79-2 

266 

797 

104 

82’9 

3 ” 

85 '5 

[1080] 

87-6 


I 


4 - 3 & 

0*66 

lO'O 

18-5 

277 

317 

2*5 

17 

i-8 

°'34 

ygb 

7- 2 

7'5 

q - 6 

6*3 

376 

2‘24 

1-32 

2’3 

47 

»-4 

8‘3 

87 

T 5 

»'3 

8'2 

8- 2 
67 
476 
2'5 

4-6 

476 

27 
17 
07 
^45 
3 ^ . 


1 The values of v are slightly different from those given by Biltz, as Biltz em¬ 
ployed the older and less correct proportionality factor 2-12 x 10 1: in Lindemann’s 
formula instep of the later one, 2*80 x flb 1 *. i 
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Element. 

• 

Density. 

Melting-point 

Temperature 

T Absolute. 

t 

Atomic \y eight. 

• 

i * 

i is 

v x 10 \ 

• • m . 

• 

[Zr . . . 

6-4 

Ca 2700 

g@-6 


[Nb . 

7-8 

2220 

93 5 

— 

Mo . 

9’oi 

24OO 

96 0 

. 6 '3 . 

[Hu . 

I2'3 

Ca 2256 

■ 102-0 

— 

Pd . 

XX 9 

. x86o 

107-0 

5-74 ' 

Ag • 

xo '5 

1234 

108-o 

4*36 

Cd . 

8-65 

595 * 

1120 

3-0 

In 

7 T 2 

42K 

115-0 

2*1 

Sn . 

7-30 

505 

119-0 

2-24 

Sb . 

6-62 

904 

120*0 

3'0 

Te . 

6-23 

723 

127-5 

2-45 

I 

4-66 

386 

I2yo 

1*6 

X (liquid) 

3 52 

133 

130-0 

0-85 

Cs . 

1-89 

299 

i 33 -o 

o -95 

Ba . 

3*78 

1120 

1 37’° 

2-4 

La . 

6 - i6 

1085 

139-0 

2-8 

Ce . 

704 

896 

T40*2 

2-64 

Ta 

j 6-6 

2575 

t8i 

4'75 

Oa . 

225 

2700 

191 

5 ’ 1 

Ir 

22*4 

2500 

193 

4‘9 

Pt . 

22-5 

2018 

195 

4 ‘ 3 6 

Au . 

19-3 

1337 

197 

3’4 

Hg . . . 

14*2 

234 

200 

125 

Tl . 

II-H 

575 

204 

1-84 

Pb . 

11 ’4 

600 

207 

1-84 

Bi . 

978 

541 

208 

1*6 

[Th . 

12*2 

Ca 2100 

1 

232 

3 - 2 ] 









EINSTEIN'S EQUATION 



• Biltz points oift that in the characteristic frequency we have, a very 
fundamental atomic constant.® Further, since its measurement involves 
two properties, namely, specific volume and melting point, it is a step 
further flr.m the stage re'ached, for example, in T.olhar Meyer’s curve, 
in \vhicl\ one property only is brought into relation to the atomic 
weight. Some doubt, oT course, exists regarding the values in the case 
of a few elements, especially those possessing allotropic forms. Biltz 
has plotted the frequencies* against the atomic weights, and has 
found the periodic variation shown in the figure (Fig. 8). It will he 
seen to be quite analogous to Mendcleef’s original scheme. The 
majority of the elements occupy places on the curve, exceptions being 
fluorine, manganese, tin, and tellurium. Argon and potassium occupy 
as usual their anomalous position. The position of hydrogen, which 
was for a long time in doubt, is clearly that ol the first member of the 
halogen series, as Ramsay had insisted on many years ago. The 
unique position of carbon, with extremely high value of r, biings out 
very clearly its unique chemical character as icgaids its immense 
capability of forming compounds. An atom possessing high frequency 
no doubt is the most likely type of atom to allow of the Iransfer of 
electrons to and from itself, i e. valency electrons. 

Further Consideration of Einstein's Expression for Atomic Neat. 

Einstein’s expression, vE- 



has been applied to several metals and solid salts. The following two 
examples, at low temperatures, given by Nernst and Eindemann (Z-itsch. 
Elektrochem ., 17 , 8 1 8 , lqn), aii* instructive : — 

Copper. fi u r — 240 . 


Temperature, 

Atomic Ileal 

Atomic Heat 

Absolute. 

(Obbcn cd). 

(Calculated) 

8(3 0 

3 ‘ 3 « 

3 ’ 3 1 

33’ 4 


e-23i 

• ; “'5 

0-223 

0-023 

Totassium 

Ciri.OKIDK. 

/V = 2lS * 


Temperature, 

Atomic Heat 

Absolute. 

(Observed). 

. 

86*o 

4-36 

: 52-8 

2’8o 

j 3 <>*r 

0-98 

i 22 -8 

0-58 

L _ 

« 


VOL. III. c; • 


Atomic Ilcat 
(Calculated). 


3'5\ 

1-70 

0-2J5 


• «* 
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X 

It js clear that while Einstein’s formula gives the*qualitative course 
of the variation of with temperature, it is far from reproducing the 
variation quantitatively. It might be thought that this is due to an 
error in using a single frequency value wherein the actual case there 
might be a broad band. From Rubens’ results already quot.ed it. will 
be seen, however, that the characteristic frequency of each s:\Jt .is 
fairly isolated, and at lower temperatures this isolation would become 
still more perfect. In metallic elements ♦hemscl'es, where it is usually 
regarded that we are dealing with uncombined (unpolymerised) atoms 
themselves, the characteristic frequency should be quite sharp and well 
defined. 

As a way out of the difficulty—prior to the publication of Debye’s 
formula of 1912, to which reference will be made later—Nernst and 
Lindcmann proposed an empiiioal expression for C„, which differs 
somewhat from that of Einstein. 


The Nernst-Undemann Formula for the Atomic Heat of Solids. 


This expression takes the following form :— 



that is, the atomic heat expiession of Einstein has been split up into 
two poitions. One portion lepresents the energy corresponding to 
the characteristic fiequemy v ; the second portion represents the energy 
due to the haimonie vibration, which is one “octave” lower than the 

V 

characteristic, namely, - . Why this “octave” should be introduced 

is unexplained. The expression, however, reproduces the experimental 
value of C„ w'ith extraordinary accuracy. Its importance is therefore 
not to be questioned. Some illustrations of its applicability may be 
given here. 

First of all, we have to notice that the direct experimentally de¬ 
termined values of the atomic heat, such as those of Nernst and his 
collaborators, hold for constant pressure, i.e. they arc (Cj,) values. In 
the formula, however, it is the atomic heat at constant volume, viz. C„, 
which occurs. They are nearly identical, but not quite. We have, 
therefore, to convert the one into the other. The procedure is as 
follows. On the basis of thermodynamics 1 we have the relation— 



where a is the linear coefficient of expansion, V the molecular or atomic 
volume, an<jl K the compressibility. Now experiment has shown that 

V 

it is allowable to consider ^ as a constant, independent of T (especially 

i 

, f 

' ^ % , J G. N. Lewis, f. Amcf. Chem. Soc., 29 , 1165 (1907). 
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at it *occurs in a- ^mall correction term), and further, making .use of 
Gruneisen’s relation ( Verkattd . d. d. physik. Gcsell 1911, 491) re¬ 
garding the proportionality between C„ and the expansion coefficient a, 
we can rewrite the above expression in the form— 

. C, - C„ + C*TA * 

where A is a constant characteristic of each substance. The values of 
A are given in the following table for some metals and salts:— 


Values or the Constant “A”. 


Substance 

lAtoinic Volume 

; v. 

3 ° X i 

K x 10U. 

Vv 

A X 100 . 

Al 

i 

. : io*o 

72 

148 

1*042 

2*2 

Cu 

7*1 

4 » 

0*785 

1*025 

i ‘3 

Ag 

ro-3 

55 

0775 

1*047 

25 

Pb 

• i i 8'3 

82 

2*4 

™55 

3 0 

Pt 

9 r 

27 

040 

x*oig 

1*0 

NaCl . 

■ 1 13*5 

121 

4-28 

1*051 

2*7 

KC 1 . 

. | 18 9 

114 

7*6 

1*038 

2*0 


In the case of substances for which the compressibility K and the 
coefficient of expansion a are known, it is easy to convert C„ values 
into C„, 01 vice versa. For other substances, however, the procedure 
is somewhat different. The individual constant A can be shown to 
be inversely proportional to the melting point T, ( cf. Nernst and 


Lindcmann, loc. cii.). 


We can thus 


write 



who e A ( , is a 


universal constant having the value o'02i4 (C.G.S. units). Hence— 


c„ - c. + C^ A„. 


The general method adopted by Nernst and Lindemann to test 
their formula, equation 1, was, first of all, to calculate C v by its means 
for substances for which v is known (either by means of Reststrahlen 
measurements, or by means of Lindemann’s melting-point foimula). 
The “ calculated ” value of C v was then converted into terms of C„ by 
means of the expression— 

C„ - C v + CJTA 


and the result finally compared with the observed values of C„. 

The following tables give the results obtained in the case of alu¬ 
minium, copper, silver, lead, and the salts KC 1 , NaCl, KBr, and the 


* This expression has been recently transformed into a still sirqfder one, viz. 

C p = C„ + aT /a, where a is an empiric constant characteristic of the substance in 
question (Lindemann and Magnus, Z. Elektrochem., 16, 26 j, igio; cf. also Nernst, 
Ann. Physik., 36 , 3 15, igir). Since direct measurement always gives us C v , thifc is 
a very convenient way of getting C„. 
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1 * 

diamond. These are all taken from the paper of Nernst and Lindetnarrti 
{Joe. cit .):— 

Aluminium. ft {) v ~ 40-5. 

T Absolute. 

1 

Cj, CaUulated. j 

C. Calculated. 1 
P 

1 

C, Observed ! 

P v 1 

Observer j 

I 

3 2 "4 

0-23 

0-23 

.t 0-25 

Nernst. 

35 ' 1 

o' 3 i 

0-31 

0-33 

If 

83-0 

2\|2 

2'43 

2 11 

M 

8fro 

2-52 

2-5 3 

2-52 

ft 

88-3 

2‘bi 

2'f)2 

2*f>2 

11 

1370 

3-99 

4-05 

3'97 , 

Koref. 

235-0 

5-15 

5-30 

5 " 3 2 j 

Koref, SchimpfT. 

33 l ’o 

5-52 

57 f> 

5-82 . 

Magnus, SchimpfT. 

433 -o 

5-70 

O-uf) 

frio 

Magnus. 

555 -o 

5-So 

(>•30 

ft-48 

i 

» » 


(iim.ll. p u v 

- 32T. 


T Absolute. 

C Calculated. 

V 

C. Calculated 

C^ Observed 

Observer. 

23-5 

0-15 

0-15 

0*22 

Nermt. 

27-7 

0-31 

0'3 1 

oyz 

11 

33-4 

0 SO 

0-59 

0 54 

11 

87 "O 

3-35 

3‘37 

3-33 

t 4 

SS'o 

3'37 

3-39 

3 3 s 

1 v 

137-0 

.4 4)0 

4-<»5 

4’57 

Koref. 

23 4 -o 

5-12 

5-52 

5-59 

Koref, Schmipff. 


5-60 

! 575 

579 

Gaede. 

Bartoli, s£racciati, 

3 -' 3 -o 

5 

5-81 

5-90 1 

SchimpfT. 

450-0 

5-81 

e 

6-03 

ULVKK. fj {] v 

1 frog 

— 2 21. 

Magnus. 

T Absolute 

C (l Calculated 

C^ Calculated. 

C. Observed. 

P 

Ob> ervi r. 

35*0 

1 *59 

I "5 9 

I- 5 S 

Nernst 

3 «J-i 

1 -CJ2 

1 -yu 

I'gn 

»t 

42 -Q 

> • 

'-»■>> 

2-26 


45’5 

243 

; 2-. } , 

2-47 

» 1 

51-4 

2 *81 

| 12*hl2 

2-81 

> » 

■ 53 ' s 

2'97 

2-98 

2-90 

t » 

77 -o 

4-07 

4 ’ii 

4-°7 

»t 

IOO'O 

472 

4’77 

4-86 

Koref. 

200\) 

5-60 

5-77 

5-78 

»f 

’^ 3-0 

577 

6 02 

6'oo 

r | 

Koref, SchimpfT. 
Bartoli, Stracciati, 

| 331-0 

5-82 

6-12 

troT ^ 

SchimpfT. 

535 -o 

5 -Qo 


6-46 

Magnus. 

1 589-0 

1 . . 

5 92 

6-57 , 

6-64 

» t 

I 
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Li&vd. /V = 95. 


T Absollift; 

C Calculated * 

C. Calculated 

C)bscr\ id. 

Obsercer. 

1 » • 

* -3 0 

• 

2-95 

- 5 . 

■-rgO 

2 '1)0 

Nemst. 

28-3 

3 -t, 3 

3' G 4 

3 92 


30 <s 

•1 "35 

• 4’37 

CIO 

% » 

3 b-1 

4‘43 

4 13 

4 " 15 

1 V l 

,s 5’5 

5 bo 

5 - bS 

5' (, 5 

,, 

90 2 

5-62 

570 

571 

i ” 

2 oiru 

5-90 

(r 12 

0 - 13 

Koref. 

273 0 

5 ‘cj2 

b-2| 

b' 3 1 

! Koref, Gaede. 

2ij<ro 

5-9-2 

f) 2() 

b '33 

' Gaede. 


5''93 

b " 3 1 

b-p 

, Magnus, SchunpfT. 

.(oyo 

5-94 

b ,|U 

b'bl 

! Magnus. 


Atomic 11k at or Diamond. 

fj u i/ I g |o (obtained by using Lindemann’s formula, the melting point being taken 

as 3(100"). 


1 Absolute 

C , Calculated 

C /( Calculated. 

Cp Observed. 

Observer. 

3 " 

O'OOO 

O’OOO 

O OO 

Nernst. 

42 

o'ooo 

0 000 

iron 


88 

o’oob 

o'oob 

°' u 3 

»> 

CJ 2 

0 coy 

o'ooy 

0-03 

11 

205 

o*6 2 

o'ba 

crb2 


'2<)<T 

065 

0-65 

o-fjfi 

1 l 

2 20 

°7 1 

o -74 

072 

11 


078 

078 

076 

Weber. 

232 

0-87 

0-87 

o'8b 

Koref. 

243 

097 

0-97 

o ’95 

Dewar. 

2 b 2 

1-ib 

i*ifi 

1 

Weber. 

2S4 

T ‘37 

i ’37 

: 1-35 

11 

3o(l 

1 59 

r -59 

1-58 

1» 

331 

C82 

j -83 

1 r -«4 

»1 

35 ^ 

2 “07 

2 'o8 

1 ST 12 

ll 

4 T 3 

2'53 

2 55 

, 2 'Ob 

IV 

1169 

5 ' 1 9 

54 T 

5'4 5 

IV 


The agreement between theoretical and observed values is good. 
The important point about the diamond, as already remarked, is 
that it ceases to have any measureable heat capacity at all for about 40 - 
above absolute zero. This is in agreement both with the thermo¬ 
dynamic theorem of Nernst and the Einstein theory of specific hi ^ 

We now pass to the consideration of the salts KCl, Na£l, and Klir. 
Each of these possesses a single well-defined band in the far infia-red 
measured experimentally by Rubens. This value has been employed 
m the equation. The values of Q v and C v are mean atomic heats, 
one half the molecular heats. • • •'* 
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KC 1 . /? 0 v =*218. 


T Absolute. 

C v Calculated. 

C. Calculated. 

P 

C p Observed. 

Observer. 

22-8 

0-61 

q*6i 

0-58 

Nernst, r 

26'9 

0-70 

0-70 

0-76 

ft 

30-r 

1-23 

1-23 

i 0-98 ? 

f f 

337 

i'53 

1 '53 

1-25 ? 

ft 

39-0 

1-98 

1-98 

1-83 


4«'3 

a-66 

2-66 

2-85 

If 

52-8 

2-96 

2-97 

2 ‘8 o 

If 

57’6 

3" 2 5 

3-26 

306 

H 

63-2 

3*57 

3’59 

3 36 

ft 

700 

3^5 

3’«7 

379 

ft 

76 -6 

4-10 

4 M 3 

4-11 

ft 

86-o 

4-40 

4‘43 

4‘3& 

ft 

1370 

5-26 

5‘33 

5‘ 2 5 

Koref. 

2 35’° 

570 

5-86 

5‘t>9 

ft 

331-0 

5'«3 

6-oG 

6-i6 

Magnus. 

416-0 

5 87 

6*21 

6-36 

If 

550-0 

5-9i 

6-36 

654 

1 

ff 


NaO. = 287. 


T Absolute. 

C v Calculated. 

Cp Calculated. 

Cp Observed. 

Observer. 

25-0 

0-32 

0-32 

°’-9 

Nernst. 

25 5 

o -34 

°‘34 

031 

1* 

28-0 

O 48 

0-48 

0-40 


67 5 

2-87 

2-88 

3-06 

ff 

69-0 

2 ’94 

2‘95 

3 -I 3 

1 » 

81-4 

3-47 

3'49 

3’54 

ff 

83-4 

361 

3' 6 4 

375 

»> 

1380 

482 

4 90 

4-87 

Koref. 

235-0 

5 52 

573 

576 

ff 


KBr. / 3 0 v = 177 (Cj, was calculated from C„ by the usual formula, the 
value of A being taken as identical with that for NaCl). 


T Absolute 

• 

C^ Calculated 

C p Calculated. 

C p Observed. 

Obserr-er. 

*787 

4-67 

470 

474 

Nernst 

*•*« 82-5 

477 

4-80 

476 

ff 

85'4 i 

4-82 

4-85 

4-82 

ff 

89-2 

4-91 

4*94 

5 03 

ft 

137-0 

5-47 

5-56 

5T2 

Koref 

« 234’0 

t 

■ Mi.—— .... ■ ■ 

579 

6*02 

i 

6 -io 

If 

i 


T 
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* The agreement between the observed mean atomic heat of these 
three salts and that calculated on the basis of the Nernst-Lindemann 
equation would appear to be thoroughly satisfactory. This, however, 
is really to a large extent accidental. Nernst found later that the 
Nernst-Lindemann equation would not apply to other salts. He was 
le'd •ultimately to a different treatment of the pioblem of the mean 
atomic heat (or half molecular heat) of polyatomic substances which 
will be discussed briefly whim we have become acquainted with the 
equation of Debye. 

It should be pointed out that no very clear theoretical significance 
can be attached to the Nernst-Lindemann equation even when applied 
to monatomic substances. Its merit is that it icproduces experimental 
data in such cases with a high degree of accuracy, and in this respect 
is decidedly to be prefened to the equation of Einstein. The Nernst- 
Lindemann equation icsembles Einstein’s in that a single fiequency v, 
obtained by one of the methods mentioned previously, is employed, 
along with one half of this quantity. 


The Specific Jlcat of Solids at ffiyh Temperatures and the Significance 
of the Energy possessed by the Electrons. 

It will be remembered that the expression for the atomic heat (at 
constant volume) of a solid, whether stated in the original foim of 
Einstein or in the Nernst-Lindemann modification, reaches as a limit 
the value 3R (5‘95 cals.). As a matter of fact, howevei, the atomic 
heat (at constant volume) has been found to exceed this limit consider¬ 
ably wlyjn the temperature to which the value of the atomic heat refers 
is very high. At these temperatures there must be some other source 
of internal eneigy content not taken account of in simply ascribing the 
total energy to the vibrations of the atoms. At high temperatures the 
body becomes “ white hot,” that is, it is capable of emitting short waves 
in the visible, which are due in all probability (as we have already seen) 
to the vibrations of the electrons in the atoms. Although the energy 
of the electrons can be neglected at low temperatures compared with 
that possessed by the atoms, this is no longer the case at high tempera¬ 
tures, and hence such must be taken into account in any expression 
for specific (or atomic) heat. An attempt in this direction has been 
made by J. Koenigsberger ( Zeitsch . Elektrochem., 17 , 289, 1911), who 
considers that the atomic heat of metals (at constant volume) should 
reach 9 instead of 6, by taking the vibrating energy of the electrons into 
account. No great stress, however, can be laid upon the significance 
of the actual numerical limit quoted {cf. Nernst and Lindemann, loc. cit.). 
It is interesting, however, to see the numerical values for thb atomic 
heat C v actually obtained at high temperatures {cf Koenigsber§£r, loc. 
cit .)• 
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T7 \ 

Routclicw. 


DkIIVK’s EoUATJoN FOR Til K AiOMK. IIj'.VT <) I- Soi.lDs 
( 1 *. Debye, Ann. J’nvsik, |iv.], 39 , 7*^9, 1912.) 

We have seen that Einstein's specific (atomic) heat formula only 
holds qualitatively, anil that whilst that of Nernst anil Eindcmann 
aceorils much better with experiment, then expression suffers from the 
very serious drawback of lacking a sound theoretical basis. Debye 
has developed .111 expression having a thcoiethal basis-—employing 
the quantum hypothesis—and lias found that the expression lepioduees 
experimental \alues with even griutei fidelity than that of Nernst and 
Lindemann. Debye’s foimula may theiefoie be regarded as the most 
significant of all specific heat formula 1 yet proposed. The general line 
of thought pursued by Debye is as follows :— 1 

In Einstein’s investigation it was assumed tor the sake of simplicity 
that the vibrating particle (tin atom) only gave rise to monochromatic 
radiation (fiequeney r) and only absoibed such. Instead of thu limita¬ 
tion to a single eharactei istie frequency r, Deby e works out the expies- 
sion for atomic heat on the basis of absoiption (and emission) of a 
number of libration hequenries, in fail a whole spectrum. It will be 
seen at ome that this is far more likely to coincide with what actually' 
occurs than the simpler assumption of Einstein Debve starts out with 
the verv plausible assumption that a vibiatmg atom in a solid cannot 
be vibrating simply harmonically with a sing/e frequency, but owing to 
the proximity of other atoms and probably to collisions with them the 
mode of vibration will be complex. Such complex inodes of vibration 
can be treated, as Eounei showed, as theoretically made up of a series 
of true simple haimonic motions, anil we have thus to integrate over a 
spectrum of fiequencies if we wish to calculate with greater exactness 
the total energy content of a vibrating atom. The first point to be 
noted is, however, that we do not deal with a spectrum extending from 
v = o to — ao . If a body consists of N atoms — treated as massive 
points—the svstem possesses 3N degiees of freedom. The system wall 
therefore in general exercise 3N different periodic vibrations, i.e. 3N 
different vibration frequencies. If the older view—consonant with the 
principle of ty«/partition of energy—were true, namely 1 , that the energy 

1 l-oi details see Dcbye’sjiapci. Alsu Appendix II. 
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was the same for each degree of freedom over the entile spectrum, then 
we could state directly that each vibration frequency corresponded to the 

R. 

energy (where h = ^,‘N being now the number of atoms in i gram- 

atom), so’that the total energy < 5 f the body would be simply $N/'T per 
gram-atom as Dulong and Petit's Law requiies. 

We have seen, however, that the whole point of the quantum theory 
is the negation of the principle of equipurtilion throughout a spectrum, 
and that instead the energy per vibialion varies with the type of vibra¬ 
tion. This lack of equipartition is expressed, as we have aheady seen, in 

the Plant k expiession ^, which gi\es the true mean eneigy of 

any single vibiation v. To obtain the total energy of the vibrating 
s\stem it is netessaiy to sum this expression over the spectrum (of 
absorption or emission), the spectrum not containing an infinite number 
of frequencies but limited to 3N, as already pointed out. The spectrum 
is characterised by two factors: [a) its boundaiies, (b) the density of the 
lines, 1 e. the numbei of lines in any given vibration region dv. There 
is, ace ording to 1 >ehye, a ceitam definite limiting frequency v„, beyond 
which the spectrum does not extend. Debye has reached a numbei of 
impoitnnt conclusions in the corn sc of Ins investigation. The fust is 
this : If flu tempe/ a/ure. T be regarded as a multiple [or suhmu/tif/e) of a 
temperature 0 (a characteristic constant for any given substance), then the 
atomic /nat for all monatomic substances can be represented by the same 

curve , i.e. the atomic heat is a universal function of . 

0 


A sA’ond relation which is not confined to monatomic substances 
states that the number of lines spread over a region dv is proportional to 
1 nlv (a relation foi black-body radiation already obtained by Jeans). 
Prom this 1 )ebye concludes th.it at sufficiently low temperatures the 
atomic heat of all solids is proportional to T -i , that is to the third power 
of the absolute temperature. 'Plus conclusion differs (theoretically) widely 
from the conclusion of the Einstein and the Nernst-Lindeinann equa¬ 
tions, It is borne out by the experimental data, but experiment at low 
temperature hears out the Ncrnst-Lindemann view equally. As a 
corollary it follows that the atomic energy content at hnv temperatures is 
proportional to the fourth power of tin- absolute temperature [cf. Stefan’s 
Eaw for total radiation). Debye’s expression for the energy U of a 
solid of volume V which contains N atoms is— 



in h 
IPhvjk r 


V 


v-dv . 



the energy not being ascribed to a single harmonic vibration v, to 
a spectrum of such extending from o to v m . if we now* define the 
temperature $ (the characteristic constant of the substance) by the 
expression— • 

• llv . ft. * 

0 = f J P v 


, 1 * 


TO 


(*) 
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and introduce into equation (i) as a n6w dimensionless variable— the 
magnitude— 


f_ hv - 
c k'Y 


we can write- 


hv m lki- 

, T (* Tyf. « 

‘ WJ J e( - i 


u - 7 


■" • ( 3 ) 


• ( 4 ) 


or, substituting 6 for we obtain- 




• ( 5 ) 


Dulong and Petit’s Law, if true, would requite the relation- 


u = 3 n*t. 


e 


Now if we write = x, and differentiate equation (5) with respect to 
temperature, we obtain finally— 

c - - >"*(”•£•”, - /-;) • ■ • » 

The magnitude 3 N£ has the \alue 5'955 cals, and may b« denoted 
by since this numerical limit is reached at high temperatures. Equa¬ 
tion (6) may therefore be rewritten in the form— 


'v _ 12 f* s Vs _ 3 .v 

^ ~ x* I c £ - 1 f* - 1 

CO j 0 


• ( 7 ) 


Equation (6) or (7) is Debye’s atomic heat formula. 

For the case in which x is small, i.e. T is large (compared to 6 ), 

-y- becomes £ 2 , and ~ — becomes J or simply 3 . Hence, 

0 12 

=— = - 3 = 1, in other words, Dulong and Petit’s Law holds at high 

3 

temperatures. On the other hand, when x is large, i.e. T is small, we 

f” 

obtain*by expanding I f —— the seiies £ 3 (<?~f + e—** + e~ 3 * -f • • -)d£, 
•*' Jo'" 


ct - I 


6 (‘ + 2* + ? + 4 ‘ + • ' • )• 


or 
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Hence equation (7) yields—sihce the series expression in the bracket is 
1*0823— 

*• C 
C_ 


12* x 6 x i *082 3 T 3 

= 77*938 ^ 


That is, at sufficiently low temperatures', the atomic heat is proportional 
to the cube of the absolute temperature T. (The above relation can be 

used to calculate 0 , employing the experimental value of.-,— at some 

low temperature.) 

Debye has tested his formula (equation (6) or (7)) and found it to 
agree very well with experiment. It has further been tested inde¬ 
pendently by Nernst and Lindemann (Sitsungsfar. Jierl. A had., p. 1160, 
1912) with the following results, in which the values of C p (atomic heat 
at constant pressure) are obtained from the values of C„ given by 
Debye’s formula by employing one of the relations between C p and C„ 
mentioned at an earlier stage. Nernst and Lindemann slightly alter 
the form of Debye’s equation (in respect of the symbols) so as to bring 
it more into line with previous expressions. The expression as used by 
them takes the form— 


* - t© 3 - 


3 T 

Ii'/t _ 


(3v 

- 


n 


P* 

T 


++ *$)') 


Aluminium (0 — f$v = 398; earlier value employed = 405). 





Difference 
Obs.-Calc. 
(Formula of 
Deybe). 

Difference Obs.-Calc. 

T. 

Cp Observed. 

Cp Calculated. 

(Formula of Nernst 
and Lindemann). 

3 2 *4 

0’25 

0*25 

0*00 

+ O '02 

35 ' 1 

o *33 

032 

+ 0*01 

+ 0'02 

83-0 

2*4! 

2*36 

+ 0*05 

— 0*02 

86’o 

2*52 

2-50 

4 - 0*02 

- O-OI ^ 

88*3 

2*62 

2*59 

+ 0*03 

0-00 

137*0 

3‘97 

4*10 

- 0*13 

- 0*08 

235*0 

5*32 

5'34 

- 0*02 

+- o*(J2 

331*0 

5-82 

5*78 

+ 0-04 

+ o*o6*» 

433 'o 

6*io 

607 

+ 0*03 

+ 0*04 

555 0 

6*48 

6*30 

+ 0*18 

+ 0*18 


h. 
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Diamond (fiv = i860; eaHicr value 1940). 



| 



DdlerencL 

Difference Obs-Calc. 

T. 

C k Observed. 

P 

C /> 

Calculated. 

V > Uh . - tUL 

(Formula of 
Deb; e) 

(Formula of Nernst 
and Lindemann). 

88 

0-028 


0*049 


OM 2 I 


4 - 0"022 

92 

0-033 


0-058 

- 

0-025 


+ 0024 

205 

0*6x8 


o'61 


O 008 


0*00 

209 

0-662 


o - 6C> 

4 

0*002 


4 - o’oi 

220 

0-722 


O' 71 

- 

0-018 


— 0-64 

n 99 

0-76 


0-75 

4 

o*ox 


- 0'02 


0-95 


0 9-5 


0 025 


— 0*02 

202 

1-14 


r 10 

+ 

0*0 I 


- 0-02 

28,1 

i '35 


x' 3 - 

+ 

003 


- 0*02 

306 

1-58 


i* 51 

4 - 

0 0 \ 


- 0 01 

33 1 

1-84 


1 -82 

4 - 

0 0.5 


4- O'OI 

338 

2-12 


2-07 

4 - 

0-05 


4 - 0 0 1 

•D 3 

2 -f»6 


2 - 61 

4 - 

0-05 


4 - o" 11 

11(19 

5‘45 


5*49 


0 o\ 


4- 0-04 


Sii.vi.k (/it' = 

2 1 5 

hei v. 

dlue 

emplo) 

ed - 

22l). 





Difference 

Difkrcnce Obs -Calc. 


Observed. 


Calculated. 

1 

Ul)i "Lak . 

(Formula of 
Dibye). 

(Formula ol Nernst 
and Lindemann). 

35 'o 

f 58 


1-50 

+ 

C 

C 

CA 


- O’OI 

3 <J'i 

I 4)1 > 


1 -88 

4 

0-0 2 


- CV&2 

42-9 

2-26 


214 

4 - 

0*12 


4- 0-04 

45'5 

2-47 


2-42 

+ 

0-05 


4- 0-03 

5 i -4 

2-81 


2-85 

- 

U'O.J 


— 001 

53 '8 

2-90 

1 

3-02 

- 

0*12 


— 0-08 

77-0 

4-07 


4 19 

— 

o-x 2 


- O'O.f 

100 

4-86 

! 

1*83 

4 - 

0*03 


■f 0"CHJ 

200 

5'78 


5 * 8 o 

- 

0-02 


4 - o'oi 

273 

O-oo 


6 04 

- 

0-04 


— 0-02 

331 

6-oi 


6-13 

— 

0-12 


- 0-11 

535 

6-46 


6-46 


0*0 


4- o-ox 

589 

6-64 


b '57 

4 - 

0 07 


4- 0-07 


Copper gu\e an equally satisfactory result. On the whole Debye’s 
equation applies moie exactly even than the equation of Nernst and 
Lindemann. Delve’s equation has of course the further advantage that 
it possesses a theoretical basis, whilst that of Nernst and Lindemann is 
semi-empirical. 


W.Vrfc. on the method of evaluating the summation term of the Debye formula in 
the form given by Nernst and Lindemann. 

To evaluate— 
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Se? ^ equal to x. Also set c- 1 a. Then — n»» ~ (a')« — j« if ^ be set 
equal to a'. 

The sqm can therefore he written : 


n ~ oo 


I 

//A 


+ 


• 3 + 6 + M 

n-\- n'x* ^ u'x V 


or the same expression may be written : 

*! 'r II cn II -- :j 


ia"' ■ + -an 

tix 


3 

/i-.i- 


V„/n . 1 4. V n \ 


I nsl term 


n i 

V. J 

Second term 


~ 4 (l 

n i 


'l bird term. 


<jj 

+ V J/1 ^ 

+ “** 11 * 1 * 
n ~ i 

v - y 

l r omth tei in 


T r r v ,<£ v* 5 . I 

First term = ' + ' + ' + ... ail inf. . 

aLt ‘a 3 J 

3 fy r- D y 4 - ,1 

Second term = 1 'I ... ad inf. . 

at-Li- a- 3- 4- J 

Third term - -t -4 + ... ad nif .”J. 

... (1 r r v- v 1 y x ~) 

J'ouith term = , ,4- . 4 - ' 4 - . 4 - . ■ ■ ait tuj. . 

r'L.T* 2 1 3* 4' J 

l*ach of these series is convergent, so that only the first three or four e\piessions 
in each need be tal.en into account. 


Characteristic Infra-red Frequencies Obtained From Jlebye's Formula. 
—B\ means of equation (2) of the preceding section it is possible to 
calculate the characteristic infra-red frequency r ma < (which represents 
the uppef limit of the spectium of vibrations) from a determination of 
the cluracteiistie tempeiature (). This temperature can be obtained in 
turn from the elastic constants of the substance as has been shown by 
Debye. Making use of Debye’s values of 6 , II. S. Allen (Froc. For. 
Soc., A, 94, 100 (1917)) has calculated 7' max for the elements given in 
the following table. It will be observed that the frequencies so obtained 
agree very well with those calculated by methods previously mentioned:— 


Atomic Frequencies by Debye's Formula. 


At 

8'2f> 

Fe 

9-67 

Ni 

9‘or 

Cu 

b‘81 

I’d 

4-22 

Ag 

4*39 

Cd 

3 ‘ 4 * 

Sn 

3*«3 

l’t 

4-68 

Au 

3*4 f 

Pb 

1‘49 

13 1 

2-30 
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In dealing with the molecular heats of solids ancf their variation with 
temperature, it is necessary in certain cases to make allowance for the 
existence of allotropic change which will in general involve a heat effect. 
It is necessary to know the magnitude of this heat effect and the’ tempera¬ 
ture of transition as otherwise seriou§ error may enter into, the yalue 
ascribed to the molecular heat. The existence of more than one r solid 
form has been demonstrated in 'cases in which perhaps it would not have 
been anticipated. Thus Eucken (Ber. Dqutsch.phys. Ges ., 18 , 4 (1916)) 
has found that solid nitrogen can exist in two forms, the transition 
temperature being 35 *5° abs. and the molecular latent heat of transition 
53*8 cals. Oxygen exhibits three solid forms, having the transition 
temperatures, 23-5° and 42-5° abs. respectively, the corresponding latent 
heats being 17-5 and 167-4 cals per mole. Carbon monoxide exists 
in two forms, the transition temperature being 60-4° abs. and the 
molecular latent heat of transition 144-1 cals. 

Molecular Heats of Polyatomic Solids, e.g. Salts. 

It has already been mentioned that the Nernst-Lindemann equation 
does not take account of the molecular heats of salts in general, although 
it appears to do so for KC 1 , NaCl, and KBr. The Debye equation is 
equally inapplicable. Nernst proceeds therefore in the following 
manner:— 

In the case of a polyatomic molecule in a solid there are two types 
of vibration to be considered; first, the vibration of the molecule as a 
whole, and secondly, the vibration of the atoms inside each molecule. 
This view, it will be observed, is difficult to reconcile with the con¬ 
clusion arrived at, as a result of Bragg’s work on crystals by t<ie X-ray 
method, according to which molecules of simple binary salts, though 
not more complex molecules, lose their identity in the solid state. 
Nevertheless the method employed by Nernst in connection with 
molecular heats of salts, etc., is highly successful, and must be con¬ 
sidered, although an open mind has to be kept regarding certain of the 
assumptions. According to Nernst the mode of vibration of the 
molecules is taken account of by Debye’s formula, whilst that of the 
atoms is taken account of by Einstein’s formula. It is reasonable to 
treat the motion of atoms inside a molecule as closely analogous to that 
of the atoms in a monatomic solid, to which case Einstein’s formula 
was intended to apply in the first instance. Nernst’s method amounts 
* therefore to a combination of Einstein’s and Debye’s formulae. The 
frequency v L , i.e. the upper frequency employed in the Debye portion 
of the expression, is obtained from the melting-point formula of 
Lindeqiann, whilst the frequency v 2 employed in the Einstein portion 
of t]jt expression is that given directly by the Reststrahlen method. 1 

1 •'a ‘ s greater than v,; hence at low temperatures there are practically no 
resonators possessing the quantum hv v That is, at low temperatures the atoms 
possess scarcely any energy of vibration whilst the molecules as a whole do possess 
en^gy/ A vibration. < * 
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Qa adding the tw<9 portions together the resulting expression gives the 
whole molecular heat of the s&lid. If C„ denotes, as before, the'mean 
atomic (or half molecular) heat of a diatomic solid such as KC 1 , then 
2C„ denotes the whole molecular heat of the solid at constant volume, 
and according to Nernst— 



where Fj and Is are the Debye and Einstein functions or atomic heat 
expressions respectively. 

In the case of KC 1 , /Sr, = 166 (obtained from the melting-point 
formula), and ftv., = 213-5 (obtained directly from the Reststrahlen 
observations). The following table, taken from Nernst’s Theory of the 
Solil State, gives the values of the Einstein and Debye portions of the 
molecular heat in the case of KC 1 . The column headed “ correction ” 
contains the quantities which must be added to 2C V in order to give 
2(J P , the molecular heat at constant pressure:— 


KC 1 . = 213-5 ; Pn = 166. 


T. 

Einstein. 

Debye. 

Correction. 

Sum 

C*lc.) 

2Cp Obs. . 

22*8 

0-046 

1-04 


fo86 

l-r6 

26’9 

0-13 

1-48 

— 

i-6i 

1-52 

3 <j-x 

0-25 

*•87 

— 

2*12 

1-96 

33 7 

°13 

2-25 

— 

2-68 

250 

4«'3 • 

I-L 3 

3-52 

— 

4‘95 

570 

57'6 

2-Tj 

4*06 

0-02 

6-21 

6-12 

70-0 

2-89 

4-57 

0-04 

7-50 

7-58 

86-o 

3-66 

4-97 

o‘o6 

8-79 

8-72 

235 

5-55 

5*8 r 

0-32 

11-68 

11-78 

416 

5-»3 

5 - 9 i 

o-68 

12-42 

12-72 

55 ° 

5’ s 7 

5-93 

0*90 

12-70 

If 18 


NaCl./8i' 2 = 282; = 229 (215). 


T. 

Einstein 

Debye. 

1 

Correction. 

Sum. 

aC p Obs. 

25 

o-oio 

0 - 6io 


0-62 

0-58 

25-5 

0*012 

0-637 

— 

0-65 

0-62 * 

23-0 

0027 

0-794 

— 

0-82 

o-8o 

67-5 

1-65 

3-56 

0‘02 

5*23 

6'2 2 

69-0 

173 

3‘&3 

0-02 

5-38 

6-26 

7 08* 

81-4 

2-39 

4' r 3 

0-04 

6-56 

83*4 

249 

4-20 

0-06 

675 

* 7-50 ■ 

138 

4*26 

5'22 

0-16 

9-64 

9’74 

235 

5‘29 

«--- 

5-68 

_< 

0-42 

n -39 

11-52 

s • 
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AgCl.^a =179; = 102 • 


T. 

kinstein. 

Debye. 

Correction 

1 

Sum. 

20 ^ Obs. 
¥ * 

23 T) 

0-17 

2-78 

1 

1 2'95 

2-gS 

264 

0-31 

3'iK. 

— 

3'49 

3 ’ 4 ^ 

32-8 

0-76 

3'#9 

o-o I 

4-09 

479 

4 5 ’ 6 

I’CJO 

4 '69 

°' l )7 

6-78 

7"45 

87*0 

4-24 

5 58 

o-i 8 

10*00 

974 

iifi 

4 ' 9 - 

575 

0-28 

IO-CJ5 

10-34 

207*5 

5 59 

5*9 » 

0-52 

12'01 

1 rSi 

33 ° 

5 ' Sl 

5'93 

1 '3 


13-01 

405 

5'«5 

5‘94 

i-8 

*3 59 

13-60 

43 ° 

5-86 

5 ‘ 91 

19 

1 

1370 

! 


Tile numbers in brackets denote tin* values of actually obtained 
by the melting-point method. They are very close to the \allies of 
(iv\ which art: arbitrarily chosen. 

An examination of the data given shows that at v'*ry low tempera¬ 
tures the contribution made by the Debye portion i-, much greater than 
that made by the Einstein portion, as we would expect. 

It will be recalled that the Nernst-Lindcmann formula applies fairly 
well to the ease of KC 1 and NaCl, the frequency employed being that 
obtained by the Reststrahlen method. “This agieement must be 
regarded as half accidental, and may be explained on algebraic grounds 
from the approximation— 


2 , ‘u£ 


) = 


/3. 

°’75-p 



In the case of KC 1 and NaCl the fundamental | molecular] fiequency 
[i/, in the above table] is in fact about 0-75 times the internal [atomic] 
frequency [is. in the above ease].*' 1 

An interesting case is that of mercurous chloride. Taking the 
molecular formula to be HgCI and calculating the molecular heat by 
the above method, discrepancies are observed which lie outside experi¬ 
mental error. Nernst concludes, therefore, that in solid calomel the 
molecule Hg./T (and possibly a still more complex molecule) exists, 
which is in agreement with conclusions arrived at concerning the mole¬ 
cular formula of calomel in the dissolved state. “ The exact complexity 
cannot yet be decided since the melting point of the salt is not open to 
observation on account of decomposition.” 

A further interesting case is that of ice. In order to account for 
the molecular heat of ice by the above method it is necessary to regard 
the jvolecular weight as 36 approximately (cf. Nernst, The Theory of 
the Solid S^ate). Draphite and sulphur likewise show evidence of 
considerable polymerisation. 

Although the method of treatment which has just been outlined is 
very ingenious, it is obviously of a sumewhat hypothetical,character ip 
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its present formulation. It is not improbable that considerable •modi¬ 
fications may eventually be introduced. It represents, however, a 
partially successful attempt,to solve the problem of the heat capacity of 
polyatomic substances. 

Latimer (Journ. Amer. Chem+Soc., 44, 90, 1922) has determined the 
molar heats of the tetrachlorides of cacbon, silicon, titanium, and tin, 
these being chosen as belonging to the same type and differing only in 
the mass of the central metallic atom. The equation of Debye was 
found to apply more or less closely. Dealing with the applicability of 
Debye’s equation to solid compounds, Latimer points out that whilst 
metals in general follow' the regular Debye curve the specific heats of 
compounds in general do not. Latimer does not agree with the mode 
of treatment outlined above. He regards the typical Debye cune as 
representing “ the manner in which a single atom gains thermal energy 
and only when all the atoms of a substance are of similar mass and are 
held by similar constraints will the C v curve for the substance be of the 
same form. Hence for a compound such as meicuious chloride, even 
though both the mercury and chlorine atoms gain thermal energy 
according to this typical curve, the C„ curve for the mercury will lie 
above that for the chlorine, and the C v cune for the compound, which 
must be the average of the two, will deviate from this typical curve. 
On the other hand, the C v curve for potassium chloride agrees very 
closely with the regular cune due to the close agreement of the masses 
of the potassium and chlorine atoms. Examples of the quantitative agree¬ 
ment of the average specific heat curves with the mean of two Debye 
curves < ould be given for many substances. In the case of the tetra¬ 
chlorides, the curves for silicon and titanium should follow the shape of 
the regular Debye curve very closely. The greatest deviation is to be 
expected with tin tetrachloride, but since there are four chlorine atoms 
to one atom of tin, even in this case, the error introduced in assuming 
the regular curve for extrapolating over the low temperature should not 
be very gieat.” 
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CHAPTER IV. 


Energy content of g.ises—Molecular heats of gases—Infra-red absorption spectra of 

gases Degradation theory of gases. 


In Chapter I. we have already had occasion to discuss biiefly the 
problem of the molecular heats of gases. It has been pointed out 
that the observed values cannot be accounted for on the basis of the 
equipartilion principle, especially the fact that the molecular heat varies 
with the temperatuie. In view of the considerable advance which has 
been made possible in the analogous case of solids by the application 
of the quantum theory, it is of interest to see how far the same con¬ 
siderations can he applied in the present ease. This piohlem was 
first taken up by bjerrum {Zrifsch. EUktrochan ., 17, 731 (lyi 1) ; 1 ibid., 18, 
101 (11) 12 J). 

In Chapter 1 . we have given a table showing the number of possible 
degiees of freedom, as estimated by Jljerrum, which are possessed by 
mono-, di-, tn-, and tetia-atomie gas molecules in respat of translation, 
rotation, and vibration. In the case of monatomic gases, which appear 
to possess lianslational energy only, the equipaitition principle of 
classical statistical mechanics gives a satisfactory explanation of the 
observed values, e.g. the case of aigon ahead) discussed. So long 
as we restnet ouiselves to translational movement the equipartition 
principle necessaiily holds good, whether the molecule he monatomic 
or polyatomic ; the distribution of energy 111 terms of the quantum 
theory onlyenteis when we deal with vibrations or, as we shall see later, 
with rotations of the molecule as a whole. Tor the* present, however, 
w'e are not applying the quantum theory to molecular rotations but to 
atomic vibrations alone. It will be icealled that rotational energy is 
practically entirely kinetic ( <f. Chap. 1 .). 

I11 regaid to vibration of one atom w ith respect to the other in a 
diatomic gas molecule, according to the quantum hypothesis the sum 
of the kinetic and potential eneigies, instead of being RT, is a fraction 
</> of this quantity. That is the total vibrational energy is </>RT. <f> is a 

function of the temperature T and ol the vibration frequency v. Ac¬ 
cording to Neinst and Lindemann we have— 


<k = 4 


0 r/T 

ffW 1 _ j 


, A 

2 frP'dai _ { 


Rjeriyim has investigated the Einstein function as well. It is found to 
hoUTfairly well, but is not so exacts that of Nernst and Lindemann. 
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At absolute zero is zero, urtd at high temperatures approximates 
to unity, i.c. at high temperatures the conclusions based on classical 
statisticalmechanics ought, to hold good. 

In the case of a triatomic molecule, containing the atoms A, B, and C, 
these may vibrate with reject to hue another in pairs, viz. A with 1 expect 
to B,* B with respect to C, and C with respect to A. There are there¬ 
fore thre(* different vibrations to be taken account of, and the total 
vibrational energy is— • 

RT(<fo + </>.. + </>J. 

The following tables contain the data obtained m the case of a number 
of gases. The wave-lt'ngth A is that chosen by Bjerrum for substitution 
in the Nernst-Iandemann equation. The temperature T is in degrees 
absolute. (\,(a: u , T J ,) denotes the mean mo/aular heat (at constant 
volume) oxer the temperature range between a° abs. anti T° abs. 

Molecular Heat of Hydrogen. 

The formula employed by Bjerrum is :—- 

r n - (5/2). k + M2-op] 

where 5,2k covers the translational and rotational energy 1 of the mole¬ 
cule and 2 Ofi — A is the characteristic wave-length of atomic vibration, 
which is of course connected with the frequency of atomic vibration 
by means of the relation c — Ar, where c is the velocity of light. The 
following table indicates the degree of agicement between the observed 
and calculated molecular heats of hydrogen :— 


c., (2<JJ U , T '.) c., ( 2 yi°, T u ,) 



CakuUtcd. 

OIr.ervcd. 

1734 

5'39 

5-23 

20 S 3 

S'5 1 

5'4 4 

2431 

5-62 

5 f’h 

2647 

5 f >9 

5’7& 


1 Bjerrum, as already pointed out, ascribes two degrees of freedom to a diatomic 
molecule, such as II.,, in lesp-ct of rotation of the molecule as a whole. By writing 
the corresponding energy term as RT (which then added to the 3/2RT, due to 
translation, makes in all 5/2RT), Bjerrum is hire assuming that rotational enfcrgy may 
be treated from the standpoint of the cqui partition principle. To gtt the contribution 
which translation and rotation make to the total molecular heat it is of course neces¬ 
sary to differentiate with respect to T, i.c. we obtain the term 5/2R. The same as¬ 
sumption of equipartition is employed in the other gases, the molecular heats of which 
are considered. In a later paper, however (Nemst Festschrift, 1912, p. 90 , Bjeirum 
regards rotational energy ol the molecule as a quantity which has to be treated 
from the quantum standpoint (a view first suggested by Nernst, Zeitsih. Elektrocfitm., 
17, 265, 1911), the characteristic wave-length of molecular rotation lyir^g far in the 
infra-red region (about 30/1 in the case of hydrogen), whilst the characteristic wave¬ 
length of atomic vibration (inside the molecule) lies in the short infra-red legion, 
between 1 and io/j. approx. In other words, molecular rotations are muc^ les# 
violent than atqjnic vibrations and requii*. a much smaller quantum, t.e. a . luch 
smaller v or greater A. • * 
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Molecular Heat of Nitrogen. (Oxygtn and carbon monoxide have 
the same molecular heat as nitrogen.) 

Formula employed: C t ,(o°,T°) = (5/2) ..R + R<£[2 - 4/z]. t , 


T Abs. 

c v (273°. 'r°.) 

C y ( 273 °. T D >) 

. Calculated. 

Observed. 


U 


473 

4'97 

473 

903 

5-12 

491 

1273 

5‘3 2 

5’ 2 5 

1620 

5‘47 

5 ' 3 i 


C v (291°. T 0 ,) 

c v (291® T°,l 


Calculated. 

Observed 

1792 

5*55 

5'43 

2057 

5 "65 

5-58 

2225 

571 

579 

2446 

578 

5 '87 

2640 

5*84 

5'93 


In the case of hydrogen the characteristic wave-length assumed for 
the atomic vibration is A. = 2-0 fi ; in the case of nitrogen, A — 2 *4/*. 
One would expect that if the vibrating particles are electrically charged 
an absorption band should occur at these positions in the ease of 
hydrogen and nitrogen. No bands, however, have been obseived in 
this region of the spectrum. On the other hand, oxygen and carbon 
monoxide have the same molecular heat as nitiogen, and direct 
measurement has shown that oxygen possesses bands at 3-2/* and 47/a, 
whilst carbon monoxide exhibits bands at i’573/a, 2'35/u., these being 
“harmonics” of the fundamental band at 4'67/*(</• Schaeffer and 
Thomas, Zeitsch. Physik, 12 , 330, 1923). The bands of oxygen are 
weak, and it is possible that hydrogen would exhibit a band if its ab¬ 
sorption were measured when the gas itself were excited, i.e. at a fairly 
high temperature. 

Whilst diatomic gases such as hydrogen, oxygen and nitrogen, 
possess atomic vibration frequencies which belong to the very short 
infra-red region, viz. 2 to 3 fi, this is not the case for a gas such as 
chlorine which possesses a higher molecular heat than the gases just 
mentioned. Thus, at o° C., C„ for chlorine is 5-85, which becomes 7*4 
at 2000° C. Ascribing the full (equipartition) value to the translational 
and rotational terms, namely (3/2)R + R = 4*97, we see that, even at 
o u C., chlorine exhibits a molecular heat which is sensibly affected by 
thejitomic vibrational term to the extent: 5-85 - 4^97 = 0 88. This 
quantity (o - 88) is due to vibration having one degree of freedom. To 
mate it comparable with the vibrational term of a solid we should have 
to imagine it multiplied by 3, that is equivalent to an atomic heat of 
2-64 at o° C., if chlorine were a monatomic solid. On inspecting the 
vali^s of vibrational frequencies already given in the case of solids it 
wiH be seen that an atomic hqit ot 2-64 at o° C. requires a frequency 
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somewhat lower than that of thl* diamond, the value of the frequeftcy in 
the latter case being 3 x io 13 which is equivalent to a wave-length of 
lop] in faqt the frequency.required by the chlorine to account for its 
vibrational energy term would correspond to about 12 ft when expressed 
in wave-length. This value is bdrne out by the molecular heat values 
at temperatures higher than o° C. We would expect therefore that 
chlorine should exhibit an absorption band in the region of 12/4. The 
characteristic band exhibited “by chlorine and attributed to atomic 
vibration is stated to occur at 4'3/u.. There is a very considerable dis¬ 
crepancy in this case and we can scarcely regard it as an isolated one. 
On the whole our knowledge of the molecular heats of gases is not satis¬ 
factory, being much less exact than it is in the case of the atomic heats 
of solids. 

Molecular /feat of CO. y (SO ■> has the same molecular heat.) 

As this is a triatomic molecule we have three atomic vibrations to 
take account of. Two of these, however, may be expected to be the 
same, as the oxygen atoms are presumably linked symmetrically to the 
carbon atom. The translational energy plus the rotational energy are 
in this case, according to Bjerrum, represented by the term 3RT, i.e. 
(3/2)RT translational and (3/2)RT rotational. The wave-length corre¬ 
sponding to the vibration frequency of each of the oxygen atoms with 
respect to the carbon is taken by Bjerrum to be 5-0 fi .; the wave-length 
corresponding to the vibration of the two oxygen atoms against each 
other is taken to be 8‘i fi. The formula employed by Bjerrum is— 

C^o", T 0 ,) = 3 R + zR4>[5 VI + R<£[8-i/x.]. 


[Note that the second term on the right-hand side of this expression 
contains the number 2, to allow for the fact that there are two 
similar kinds of atomic vibrations present. It may also be pointed 
out that if C 0 2 were a linear molecule, O = C = O, the rotational 
energy term wanild be RT (as in a diatomic gas). The fact that the 
value 3/2 RT for the rotational energy agrees with experiment ( cf. the 
following table) means that C 0 2 is not a linear molecule, its spatial 


constitution being represented approximately by 


<y° 

s 0 


The con¬ 


stitution of the CO;, molecule is considered in detail by Bjerrum [Verb, 
d. D.phys. Ges., 16, 737 * i 9 M)-] 


T Abs. 

C v ( 2 73 °. T°.) 
Calculated. 

c v ( 273 °. T°.) 
Observed. 

(J7J°, T°i) Calculated hmploy- 

ing the Wave Lcngthh 27. 4-3, * 
and 14 7 

473 

7’44 

7-48 

7-67 • • 

903 

8*67 

8-60 

8-47 • 

1273 

9*35 

933 

9*00 

1637 

9-80 

9-84 

9-40 

1884 

10-03 

9-98 

9-62 * i • 

2112 

• IO- 2 I 

i <*28 

. 9 - 8 1 . , 

2383 

. 

10-43 

1047 * 

J0'04 

• • 
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The agreement between observed and calculated values is satisfactory. 
We have now to see what evidence is available from the absorption 
spectrum of CCb as regards the choice of the wave-lengths.employed. 
Direct measurement has shown that CO a possesses bands at 14-7, 4-3, 
and 2’7 /a. These are of the same order of magnitude as those used 
in the above formula. As a matter of fact, lljcrrum has also used the 
three obseived values of X and has obtained values for which agree 
moderately with the observed. The formula in tins rase is— 

C (o°, T",) = 3K 4- + K 0 l 4 ‘. 4 /^j + Rf/>[ i 4 ' 7 MJ- 

The resulting values are given in the last column of the preceding 
table. 

Molecular Heat 0/ Water Valour. 


The formula employed by Kjernun is— 

C„(°'", T°,) -= 3R + 2 ]<</>!_ 1 '3/x.’j + K</>[ 3 ' f TJ 
The- following values are thereby obtained :— 



C , Cakulaltd. 


KcmarKs. 


These values an tine mole- 


323 

f)T 2 

5 ’yf) 

eulai heats, t.e. instan¬ 
taneous values for the 1 

5-13 

<>'3l 

(r (O 

tempeiatures lefcrred to, 

7-3 

o - fi 7 

trSo 

not mean values ovei a 

C , U«3°. T'M 

c.. ( 3 H 1 0 . 

wide range of tempera¬ 
ture. • 

T n ,) 


Cakul.iU'd 

Obsi rved 

*93 

(i-S 5 

0-51 

'1 Mean values for the mole 

, eular lit at over the tern 

' peralure range indicated. 

i-75 

95 

9 95 

1600 

7'5 C > 

7 ' 4 ° 


C ; , Poi", T‘\) 

C., (2<J1 

T",) 


C.UcuIaU d. 

Ob -er\ 

id. 

2084 

7 'yt 

7‘9- 


2 3*3 

*•54 

*'54 

) 

2650 

914 

9 37 

f Ditto. 

2936 

9’9 

IO'O 

3x81 

lo'j 

105 

) 

3337 

11 '3 

io-g 



The absorption spectrum of water vapour contains many bands 
over*the range of A’s employed above, i.e. bands at n, 1 *5, 2'o, 3-2, 47/i, 
etc. Whtfre there are so many bands almost any value might be re¬ 
garded as borne out by the absorption spectrum. It appears from this 

and aJier cases that the calculated molecular heat is not very sensitive 
' « , 'f <..yi . 

to errbr in the actual value chossn for X. The term ( — is a purely 

\3ioo/ 
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empirical term‘introduced by lljeirum to account for the fact that the 
molecular heat of water vapour increases with the temperature more 
rapidly than would be anticipated on the basis of the quantum theory. 
The cause of this is by no means clear : possibly it is connected with a 
depolymerisation of any bimolecules which ma\ be piesent, though at 
the higher temperatures this would be a negligible quantity. 

The molecular heat of ammonia, a tetia-atomic bod\, mu) likewise 
be calculated more or less ’♦atisfaetorily by writing down temis for 
translation and rotation, and by applying the quantum theoiy to the 
vibrations of the atoms, using the wave-lengths j-i/i and 8 «>/< which 
actually occur in the absorption spectrum of ammonia. 

It is evident from the foregoing that to account lor the nlecivcd 
values of the molecular heals of gases it is essential to inlioducc the 
quantum theory in some form. I’qomim’s mode of tieatment, though 
marking a considerable acbame, is open to 11 iticism, moie paitu ularly 
as regauls the choice of the numbei of degiecs of heedom. 

One point remains to be emphasised in ci nnection with the mole¬ 
cular he.it, or rather theenergv content of gases. Owing to the tact that 
the titie atomic vibrations inside the molecule coirespond to iclatnely 
high frequencies {i.c. short infra-red region) such vibiations conliibute 
a iclatnely small amount to the total energy content; for as the fie- 
queiu\ is high very few molecules will possess e\en one cjuantum of 
tin’s t\pe of eneigy. d’lie so-called rotational fiequenens (obtained 
on appbmg the c]uantum theory to rotation) aie much more important 
as they occur in the longer infra-red legion. We hate already assigned 
a ma\1n111m value to the rotational contribution by applying the prin¬ 
ciple of equipartition to rotations. 

I he Absorption Spat rum of J Voter Vupour out / of Case tun /hydrogen 
Halides in the infra-red region from the point of new of Mo/em/ar 
Rotations, treated on the basis of the Quantum Theory. 

On examining the absorption spectrum of a gas in the infra-red 
region it is found in general that a number of bands occur at intervals 
not only m the short infra-red portion—1 //. to io/c—but likewise at a 
series of positions in the far infra-red, in fact as far as diiect measure¬ 
ments have as >et been carried (down to 2 70^ about). Owing to the 
very large magnitude of the- interatomic forces holding the atoms together 
in a diatomic, or in general a polyatomic, gas molecule it may be antici¬ 
pated that the vibratory motions of the atoms will possess a relatively 
high frequence, that is, the atomic vibiations aie likely to be the sounct: of 
the absorption bands in tile short infra-red region. This is now very 
generally accepted. Use has already been made of this assumption by 
lijcrrum in connection with the molecular heats of gases. We liaVc# still 
to find, however, a souice for the numerous bands exhibited by a gas in 
the far infra-red region. These were first definitely attributed to rotations 
of the molecule as a whole by Jfjerrum in tijt 2 (Nernsl Testschrift. p. yo). 
It is usual therefore lea speak of*1110 bands lying in the far infr.^-recl as 
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constituting the “ rotational spectrum ” df the gas. That the quantum 
theory might be applied to rotations at all was first suggested by ^ernst 
(.Zeitsch . Elektrochcm 17 , 265, 1911). 

As rotations are regarded as having their origin in molecular collisions 
it would follow on classical statistical considerations that rotations of all 
values were possible, that is, that rotational energy would vary continu¬ 
ously for precisely the same reason that the translational energy of the 
molecules composing a gas varies continuously. One would predict in¬ 
deed, on the basis of Maxwellian distribution, that the rotational energy 
lying within certain narrow limits would be the most probable. But 
this is very different from ascribing to molecules, as is done in quantis¬ 
ing the rotations, certain special rotational frequencies, in fact, a series 
of such frequencies, distinct from one another, as this treatment implies 
that intermediate frequencies for some reason are impossible. To treat 
rotations therefore as being capable of quantisation is a bold step which 
happens to be justified rather by the results to which it leads than by 
any a priori process of reasoning. 

Bjerrum’s treatment is briefly as follows : In the first place, it is as¬ 
sumed that a molecule in a given rotational state is characterised by a 
number ?/ where // denotes that the rotational frequency is 11 times the 
fundamental or lowest rot itional frequency r„. Suppose that the actual 
frequency of rotation is v r then we can write v T — »r„. According to 
Bjerrum n takes on the consecutive values 1, 2, 3, etc On the older 
quantum theory employed by Bjerrum the energy of an oscillator (pos¬ 
sessing potential as well as kinetic energy) is written as a whole number 
of iquanta. Since the motion considered in rotations is kinetic only 
the energy of rotation should be represented by a whole number of 
“ semi-quanta,” that is by nJiv r ( 2. At the same time it is known that 
the energy of rotation of a molecule can be written as JI. (2iri' r ) :: , where 
I is the moment of inertia 1 of the rotating system. For the sake of 
simplicity Bjerrum assumes that in the case of the water molecule the 


1 The moment of inertia of, say, a diatomic pas molecule is defined as follows : 
Consider two particles atoms A and B separated by a fixed distance l an! rotating 

in the plane of the paper about their common 
centre of gravitj Cl with an angulai velocity to 
radians per second (to = airr). Suppose that 
the masse-, ol the atoms are m A and m respec¬ 
tively. The kinetic energy of A is given by 
$i« A x (linear velocity) 3 . The linear velocity 

is the length AG- multiplied by to Further, the length AG is related to the dis¬ 
tance l (i.c. the distance apart of the atom centres) by the expression— 

AG = 1 x »»„/(»» a + m H ). 



This follows from the fact that G is the centre of gravity and that, theiefore, 
m A x ACi = vi u x BG, and also l — AG + BG. Hence — 

kinetic energy of A = . to-. I 2 . (- m ° — ^ 

* \«' A + mi,/ 

* / aid kinetic energy of B = (ma . or. f a ^—^ 
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moment of inertia is the same ibr all axes through the centre of gravity, 
so that "we are concerned with only one such term. Equating the two 

expressions for the energy of rotation we have :— 

■ 

il( 2 7 r»>) 2 = \nhv r 

whence • v r — nhl 47^1. 

* 

[Note.—Bjerrum writes the general expiession for v r as, v T ~ «///2jt 2 I, 
on the basis that the energy of rotation (although entirely kinetic) can 
be equated to a whole number of quanta. For the purpose of dealing 
with series relationship in spectra the discrepancy is unimportant. It 
becomes of importance of course in any attempt to calculate the absolute 
value of I from spectroscopic data.] 

On the above basis we would expect a series of values of v r accord¬ 
ing as n takes on the values i, 2, 3, etc. It is important to observe that 
v r is the frequency of rotation of the molecular oscillator itself and in 
applying the above expression to account for spectra (/>. absorption 
bands in the far infra-red) Bjerrum identifies the frequency of the radia¬ 
tion absorbed with the frequency of rotation in question. This mode of 
treating an oscillator is in agreement, so far as it goes, with the original 
concept of the Planck oscillator; it is wholly different from the 
mechanism of emission and absorption of radiation as visualised in the 
concept of Bohr (Chapter V.). Bjerrum’s work pieceded that of Bohr, 
however. In Chapter V. the rotation spectrum of a gas will be con¬ 
sidered again in terms of Bohr’s theory. It may also be emphasised that 
Bjerrum considers that when a molecule is characterised by n it pos¬ 
sesses n quanta of the type or frequency v T , that is, its energy is ri l hv 0 . 
With the slight modification introduced above the same idea is adhered 
to, the energy of rotation being written in general as nhv r \2 or ri l hv Kx j 2. 

On the above basis the lowest possible frequency is given by— 

v 0 = h/^ir' 2 !. 

From an examination of the spectrum of water vapour Bjerrum has 
concluded that the frequency difference in the series of rotational bands 
is 173 x 10 11 which ought to be identical with /i/4ir z l. The wave¬ 
length corresponding to this frequency is 174/A which, on the basis of 
Bjerrum’s computation, should be the longest wave-length due to mole¬ 
cular rotation. 

It may perhaps be pointed out that the most probable rotational 
frequency—that is the most intense band—is not at all likely to be the 
lowest or fundamental frequency. As already pointed out, one would 
expect that the collisions with other molecules would result in a most 


So that the total kinetic energy of rotation of the dia'omic molecule 

= ■ m u • • l( m A + m u)- 

But the total kinetic energy = JIw 2 . 


Therefore 


I = 


w A . m b 

l»A + 


.P. 
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probable frequency of rotation which whc 4 i quantised would be ari inte¬ 
gral multiple of v () . Jijerrum indicates that in the case of water vapour 
the most probable rotation is 3v (l . 

Taking up the question of accounting for the series of bands exhibited 
by water vapour in the infra-red rcgior? bjeirqm first proceeds to con¬ 
sider the spectrum between the limits to/a and 20/A, ascribing all the 
band heads therein to rotations, n being given consecutive values from 
jo to 16. I'lie corresponding wave-length seiies (in / x ) is given by the 
expression— 

3 x 10 11 3 x 10 11 

A. — 1 ,• 

n x 1-73 x 1 o'" 

The following table indicates the degice of concordance obtained by 
this means. 


Calculated. icrS n*f> 13-3 iqj 15-8 17-31, 

Observed neg n-ft 12-4 13-4 14‘3 15-7 17*51, 


With increasing w ace-length the bands become deeper and tend to 
overlap. I'or wave-lengths greatei than 1 7‘5/a the absorption be-omes 
general and without stiucture unless very good dispersion is obtained in 
the apparatus. Whilst these results are to be regarded as a considerable 
step in our understanding of the problem of the source of bands, the 
numerical results just quoted an*., according to 10. urn llahr, open to a 
certain amount of doubt ( / 'crh. d. J). phys. Ces., 15, 731 (1013)). 

One of the most striking features of the mtational oiigin attributed 
to the bands of the far infra-ted region consists in the indication which 
it gives of the general complex chaiactor which should be manifested by 
an absorption band due to atomic vibration. As alread) pointed out 
atomic vibration of itself would be expected in the case of gaseous mole¬ 
cules to give rise to a band in the short infra-red region, lfjerium was 
the first to apply certain considerations of I.ord Rayleigh to the case of 
the vibrational band exhibited by water vapour in the neighbourhood of 

Lord Rayleigh pointed out {Phil. Mag. [V.], 24, 4to (1892)) that if 
we me dealing with a vibrating particle, say an atom, vibrating with a 
frequency v, and il this particle forms part of a molecule which is at the 
same- time rotating round an axis perpendicular to the linear vibrations, 
then we would expect in general to find that the emission or absorption 
manifested by the molecule due to the compounding of the atomic 
vibration with the molecular rotation referred to, would consist of two 
lines having frequencies iq and 10 where (1/ + v r ) and v 2 = (v - v r ) 

respectively, where t r is the rotation frequency of the molecule, only one 
frequency of rotation being assumed. If, on the other band, the mole- 
eifle rotates around the line of atomic yibration the molecular rotation will 
have no effect on'the atomic vibration, so that the molecule in which this 
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is happening will emit or absoA) a single line of frequency r . Since the 
first case must correspond to the actual behaviour of at least some of 
the molecyles we would expect to find two lint's svmmetiic.illy placed 
with respect to v, and if v itself is also present the short infra-red hand 
would consist of three lings in all? What is actually observed is that the 
absorption band in the short infra-red. is much more complex, being 
broad and consisting of numerous lines closely packed together. 
These lines are grouped moil or less symmetrically around a eential 
position. The central position should correspond to tin* vibrational 
frequency v, but actually this frequency is apparently absent. Hence 
with a spectrometer of moderate dispersing power what is obsened is a 
“ double-headed ” band, the wave-lengths of the “ heads ” being A 1 and 
Xo. K. von liahr suggests that the middle band is not really missing, 
but only apparently so, on account of insufficient dispnsion. The two 
wave-lengths A ( and A,, which in general lie fairly dose together, eone- 
spond to two frequencies iq and c.,, and their difference (i„ - iq) is just 
twice the most probable frequency v r of the lotation. v r is ol eouise 
considerably smaller than either iq or v, and its notmal position is far in 
the infia-red. On expressing v r in terms of its wave-length A, we find 


that A r = 2 The above is a convenient way of measuring the 

Aj — A., 


rotational wave-length without haxing to investigate the far infra-red 


region. 

At sufficiently high temperatures the energy of rotation should he 
directly proportional to the absolute temperature. Hem e the fiequcncy 
of rotation will be directly proportional to the squate loot of the tem¬ 
perature, since the lotational energy expression |l( 27 ri' r )“ involves v r . 
Hence the product of a rotational wave-length into J'V should be a 
constant. 

The validity of the expiession can of course be tested by comparison 
with actual measurements in the far infra-red where tile bands are due 
to rotation only. From what lias been said above, it follows that the 


product ' 1 “ . JT should be a constant, provided the theoretical 

A^ A j 

considerations are sound. Making use of some data obtained by I’aschen 
in the region 5 to 6 /a in the ease of water vapour, F. von liahr has found 
that the two heads of the double band (due to molecular rotations < (im¬ 
pounded with atomic variation) alter their relative position m avoid¬ 
ance with the above expression. 


/c. 

A]. 

Aa 

1. Aj . A a 

I 10. 

^ Aj — Aa 

!7 

6512 

5 ‘ 94 « 

1-17 

IOO 

1.-527 

5*900 

I-K) 

600 

6-563 

5-607 

i-r 4 

IOOO 

6-597 

5 Ti 6 

i 08 

1470 

6*620 • 

^‘377 

1-20 
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In viev of the fact that the temperature 1 measurements were not very 
exact, the constancy of the expression in the last column is very satis¬ 
factory. 

K. von Bahr has investigated more closely the constitution of the 
bands of water vapour between 5 and 6/1 and has found that each ex¬ 
hibits a number of sub-maxima. Similar behaviour is shown by other 
gases. That is, the discontinuous nature of the absorption required by 
the quantum theory is fully borne out. » Rjcrrurn regirds the e con¬ 
secutive lines or sub-maxima in the short infra-red band as due to the 

compounding of the frequency v (the tru<- atomic vibrational frequency) 
with the consecutive series of rotational frequencies, v () , 2»- 0 , 3»' 0 , etc., 
having their actual individual existence in the longer infra-red region. 
Since v n is sm ill compared with v the single frequencies represented by 
(v + I'„), (|/ + 2i/ 0 ), (i' - I'„), (v - 2r,j), etc., Will lie fairly closely round 
the position v itself, so that we obtain the appearance of a broad band 

in place of a single fine line in the shoit infra-red region. It will be 

observed that the frequency differences between consecutive sub-maxima 
in the broad band leferred to is i 0 . That is, we have, on the basis of 
Bjerrum’s theory, a method of computing v (| and consequently harmonics 
thereof. From measurements of the positions of the successive sub¬ 
maxima it is found in the case of water vapour that the largest value 
for X r is of the order 400/x, i.c. water vapour should exhibit absorption 
at various positions down to tins region, a result in agreement with the 
observations of Rubens. On the other hand, the experimental results 
obtained by E. von Rain indicate a lack of symmetry with respect to the 
principal maximum of a given band, which indicates in turn that a single 
frequency diffeience is insufficient to account for the whole series of 
band beads. 

The question of the rotational spectrum of water vapour, i.c. the 
infra-red spectrum beyond 10/1, has also been investigated b) Kucken 
( Ve>/i. d. 1 ). /'in s. Gcs., 15 , 1159 (1913)). Kucken emphasises the lack 
of symmetry of the water molecule and ascribes to it at least two prin¬ 
cipal moments of inertia, which would lead us to expect two different 
series in the spectrum. Sackur (Ann. physib., [iv.], 40 , 95, (1913)) has 
arrived at the conclusion—on quite other grounds—that the water mole¬ 
cule possesses two main moments of inertia, which are in the ratio of 
1 : 2. On taking two values for I, one of which is approximately twice 
the other, and calculating the corresponding series as given by the 
Bjerrum expression, one may compare the degree of agreement which is 
obtained between the calculated and observed band maxima. The re¬ 
sults arc recorded in the following table. In the first column are given 
the rotational wave-lengths directly observed by Reubens and his colla¬ 
borators (Sitzungsber. Preuss. A had., p. 8, 1921). In the second and 
third columns are the data obtained from an analysis of the structure of 
the 6 26ft (atomic vibration) band of w-ater vapour, which band, as 
already pointed out, consists of a number of sub-maxima distributed on 
bott\ sides of a central position (6-26/1.), which central position, however, 
corresponds rather remarkably no^ to & maximum but to mibimum ab- 
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sorptibn. The most reliable* data regarding this band aie tl\osc of 
Sleator (Astrophys. /., 48 , 124, 1918). Sleator not only observed a 
number of sub-maxima—each of which is ascribed to rotation and vibra¬ 
tion compounded—but even succeeded in showing that each sub maxi¬ 
mum itself possessed a fine lino structuie. We are not com crned at 
present, however, with the structure of each sub-maximum but simply with 

Infra-Red Absorption Bands of Watkr Vapour. 



Wa\ e-length 

in ,1 cal- 






culated from 

the Strur- 

Wave-length caUulalcd 

on Rotation Theory 


Wave-length 

ture of the 6 

26 u Band. 





in observed 





__ __ 

_ 

directly by 
Rubens. 

Co) i. 

E. von Bahr, 

Col. 5. 

Col. 4. 


Col. 5 

Euiken Scries 
(1 2'21 X 10 40 ), 


Langley, 

Rubens, 

Sleator. 

Bjerrum Series 
(1 — 0-96 x 10 - 40 ). 

». 

H . 


Hcttner. 






IQ *2 

I 9'3 


I 9'3 

9 

igi 

21 

197 

19-9 


— 

— 

20*0 

20 

20-5 

20-6 


— 

— 

2 r -o 

*9 

21’6 

21-8 


21*6 

K 

— 

— 

22'9 

23-3 




22'2 

18 

2 3 -a 

23-3 




23-5 

17 

2 5'0 

252 

253 

24-7 


25'0 

16 

26*6 

26-9 

26-9 

— 


26-7 

*5 

2.S-CJ 

28-3 

28-9 

28-9 


28 5 

*4 

30 'b 

30-6 

30-6 

— 


3°’7 

*3 

32 9 

32-9 

3 4 "2 

— 


33 *3 

12 

3 57 

35‘7 

3 6 7 

347 


3 &, 3 

ti 


38 8 

4°"3 

— 


40-0 

10 

— 

42-0 

43 ‘° 

433 


— 


44-1 

450 


- - 


44'5 


— 

47*5 


— 


— 


49-0 

49’5 

51-0 

— 


500 


5 T 7 

55 ’° 

56-8 

57 -‘ s 


57 ’ 1 


65-8 

62-5 

65 - 3 



66-7 


72"2 

6 g -5 

72-5 

— 


— 


78-0 

8i>-o 

81 *6 

— 


8o*o 


(» 3 ) 


— 

— 




(92) 


92-5 

86-6 






lot 

— 




105-8 

109 

— 

— 




— 

— 

113 

— 




1322 

126 

135 

— 


*33 

3 

175-6 

171 


*73 


— 

— 

— 

— 




200 

2 

2657 

240-250 




— 

— 


385-398 




400 

1 


the location of the heads of the various sub-maxima, for the individual 
rotational wave-lengths, recorded in the table, and extending .down 
through a great part of the far infra-red region are calculated from the 
differences in position of the successive sub-maxima clustered together 
and constituting the complex 6'26 /a band; the heads of successive sub¬ 
maxima be*ng measured in frequAtcies the successive fiequency differences 
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are converted into the wave-lengths recorded. The fourth column of 
the table contains the rotational wave-lengths < alrulated by Bjcrrum 
ascribing to the moment of inertia the value 0 96 x io“ 40 , this value 
being obtained in turn fiom the frequency difference taken as a true 
constant, viz. 173 x 1 o 1 -'. The fifth column contains the data calculated 
by Eueken on the basis that 400/x represents the longest rotational wave¬ 
length possible for the water vapour molecule, which number requires 
that J should be 2'2i x io~~ 10 , so that the fourth and fifth columns 
together constitute the rotational wave-lengths based on two moments of 
inertia of the water molecule. The region io'9/a to 17‘5/u.is not in¬ 
cluded as the dita have been given in ,1 previous table. 

It will be olwived that the longest wave-length of the Eueken series, 
namely 400/x, is much greater than the region so far examined (1922) 
by the direct experimental method of Rubens. As Rubens points out 
the agreement between calculated and observed lesults is bettei in the 
short infra-red region than it is in the far infra-red. In his opinion 
there is probabl) a third series to be taken into consideration due to a 
very small electrical moment of the molecule perpendicular to the 
corresponding rotation axis. 

The effect of this would not be observable ditec tl) in the far infra¬ 
red but would markedly inlluence the fine structure oi the short wave 
band, with the result that the lotational wave-lengths calculated there¬ 
from would not coirespond very exactly with those directly observed. 

It may be pointed out, however, that Slcutor’s values (with two ex¬ 
ceptions) may be calculated with eonsideiable accuracy if we take the 
longest rotational \va\e-length lobe 40.4-^ (/.<-. r (l ~= 7-41 x i o 11 ) in¬ 
stead of 400/1, the value employed by Eueken. On this basis, using the 
expression: r„ = ///47rT, we find I = 2 x j o—and the follow mg series 
of binds is obtained : 


A (Sleatoi) . . — 

A (calculated in /u) 404V 202*4 

n 1 2 


135 ; 101 i Si*6 

131*9 j toi‘2 ! Si*o 


3)415 


f>V3 

f, 7‘5 

6 


57‘7 (Kubens); 

(50‘S) j 51 

57*S ! 50‘G 

7 I 8 


45 (voi Bahr) ! 
A (Sleatoi) . .1 — 

A (calculated in ju) 1 15*0 


10-3 

367 

34 ’ J 

30 - 0 ; 

28*4 

2<rg 

l l), 5 

, 3 g ' s 

337 

3 1 7 : 

28*9 

27-0 

10 

! I I 

12 

1 >3 , 

H 

x 5 


* 5-3 

2 5‘3 

x6 


The above seiies, however, has the same limitations as that of Eueken, 
namely that for the region of wave-lengths shorter than 25/x it will lead 
to a large number of bands lying very close together ; for this region it 
is necessary to take into account at least one other moment of inertia, 
giving a seiies such as that of Bjerrum for this region. That the water 
molecule has at least two moments oP inertia is undoubted* But there 
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is another important consideration somewhat analogous to Rubens’ 
comment given above, namely that the moment of inertia is piAhably 
not quite constant, but varies somewhat with the speed of rotation. 
The extension of Bjerrum’s* expression in this sense is obviously neces¬ 
sary—compare the more recent w;ork on the lmhogen halides discussed 
later. • 

The Hydrogen Halides. 

The absorption spectra of fl(d, TIBr, and I IF in the infra-red region 
are of inteiest because of the greater simplicity in behaviour to be an¬ 
ticipated in these cases as compared with the behaviour of an unxym- 
metrieal structure such as the watei molecule. 



Fid. c). — Hydrogen chloride gas (!'. von Bahr). S denotes slit width. 
Dotted curve due to Burmeistcr. Upper full curve corresponds to 
760 mm.; lower full curve corresponds to 3W0 mm. 


E. von Bahr ( Verh . Deutsch. phys. Gcs., 15 , 1154, 1913) has ex¬ 
amined in some ditail the infra-red absorption speetium of IK’l which 
exhibits a complex “double-headed” band with its centre at 3*474/z. 
The subdivision of each part ol the double band (found by Burmeistcr 
and shown by the dotted line in the figure) into twelve separate maxima 
is very clearly shown in Fig. 9. 

The data t orresponding to Fig. 9 are given in the following table. 
The wave-lengths A t and k., of the right and left parts of the double 
absorption band, as well as the corresponding frequencies, are given. 
The first column contains the value of n, i.e. the order of that rnavmum 
reckoned from the middle of the absorption band The middle ol the 
absorption band is characterised by the wave-length A — 3‘474/a, and 
the frequency v — S‘636 x 10 1 ". 
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Hvdrogp:n Chloride Gas. 


n. 

Aj in ft. 

Ag in n. 

_ 13 

l'; x 10 

X 3 0 * 

— 



-— -— 

— 

1 

3*444 

3*504 

&- 7 II 

8-562 

2 

3-416 

3 * 5 2 8 

8-782 

8-503 

3 

3'394 

3'556 

8*839 

8-436 

4 

3*372 

3*583 

8-897 
‘ 8*950 

8 '373 

5 

3 ' 35 2 

3-610 

8-310 

6 

3 ’ 33 2 

— 

9-004 

— 

7 

3 ' 3 I 7 

. 

9-044 

‘ *~ 


In the following table are given the values of (r x - v) and (v - v 2 ), 
which, according to Bjerrum, should be equal to the rotational fre¬ 
quencies of the molecule of HC 1 :— 





V - 1’2 x 10 


in 


1 


7*5 

7*4 

7*45 

403 = A 0 

7*45 

2 


14-6 

1 3‘3 

13*95 

215 

6-98 

3 


20-3 

20-0 

20-15 

M 9 

6-72 

4 


26-1 

26-3 

26*20 

115 

6*55 

5 


3 1 '4 

32-6 

32-0 

91 

6-40 

6 


36-8 


‘36*8 

82 

613 

7 


40-8 


40-8 

74 

5*83 

On 

Bjerrum’s 

theory we 

would expect 

v,]n to he constant. 


a matter of fact it is moderately constant over a considerable range but 
shows a definite tendency to diminish as n increases. E. von Bahr re¬ 
gards the variation as outside the limit of experimental error, although 
Eucken {Joe. lit.) considers the question as not yet definitely settled. 
By employing the Bjerrum theory it is seen that HC 1 should absorb at 
several positions down to A = 400 /a. Rubens and von Wartenberg 
( Verb. d. D. phvs. Gcs. , 13 , 796 (19x1) have found considerable absorp¬ 
tion exhibited by this substance in the residual-ray range, the absorption 
being especially strong at 150/2. 

Bjerrum ( Verh . d. D. phys. Ges., 16 , 640 (1914)) recalculates the 
rotation frequencies of HC 1 in a manner somewhat different from that 
employed by E. von Bahr, and concludes that the agreement is as good 
as can be expected in view of the unavoidable experimental error in de¬ 
termining the position of the successive sub-maxima. 

More recently the fine structure of the short infra-red atomic 
vibrational bands of HC 1 , HBr, and HE has been examined by Randall 
and Imes ( Physical Rev., 15 , 152, 1920 ; Astrophys. J., 50 , 251, 1919). 
Using a grating greater resolution of the bands has been obtained than 
was possible hitherto. The “ double-headed ” band possessed by HC 1 
with its central depression at about a 3-46/2 has been resolved into *4 
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narrow bands—in place of the* 12 observed by E. von Bahr—12 bands 
on each’side of the central depression. According to the simple rotational 
theory these narrow band? or sub-maxima should be symmetrically 
placed about the central position, but what is actually found is an un- 
symmetrical grouping. The midpoints of successive sub-maxima are 
located successively farther and farther .toward the long wave end of 
the spectrum. This indicates that the vibrational frequency is a function 
of the rotational frequency and#that the vibrational frequency is slowed 
down as the energy stored by rotation increases. Allowance was made 
by a graphical method for this lack of symmetry and the true central 
position of the band found by extrapolation. This corresponds to the 
atomic vibrational frequency completely uninfluenced by molecular 
rotation. The wave-length is 34637/i. as against the earlier value 3 ‘4 74/A. 
In the case of HBr and 1 IF the central wave-lengths obtained by similar 
methods are found to be 3‘9075/x and 2-5237^, respectively. . 

Randall and Imes. have also found that the quantity which 

should be a constant in view of the relation : 

v n ,r = nhj^ir-l, 

shows a slow diminution in the ease of all three gases, just as E. von 
Bahr had found for the case of IIC 1 . “This is most readily accounted 
for by assuming that 1, the moment of inertia of the molecule, in¬ 
creases with the speed of rotation.” 

The “ harmonic ” of the 3'46//. band of HQ, namely that with a 
wave-length 3*46/2 or i‘73/x, was also examined. It also was found to 
consist of a number of sub-maxima, ten at least, distributed unsymmetri- 
cally on each side of the central position. The extrapolated centre is 
found to be at 1-7646^ (cf. Schaeffer and Thomas, Zei/srh. Physik, 12 , 
330, 1923), which is distant 0-033/1. from the position it would occupy 
' if it were precisely one half the wave-length or double the frequency of 
the 3-4637/1. band centre. The displacement 0-33/1. is towards the long 
wave side. Kemble (. Physical Rev., 15 , 95 , 1920) has suggested an 
explanation of this on the basis of Bohr’s theory (Chapter V.). Kemble 
likewise considers the asymmetry of the grouping of the sub-maxima 
observed by himself and Brinsmade round the central position and 
shows that the frequency of vibration of a rotating diatomic molecule 
decreases with increasing angular velocity of rotation, a consequence of 
the non-lineaiity of the law of force. The results obtained by Randall 
and Imes have been examined in detail by Kratzer {Zettsch. fur Physik, 3 , 
289, (1920)) who explains the unsymmetrieal nature of the band on a 
basis very similar to that adopted by Kemble. The treatment of rota¬ 
tions on the basis of Bohr’s theory is given in chapter V. (section on 
Infra-red absorption spectra of gases) and also in Appendix VI. * * 

Perhaps the best argument in favour of the general cori'fcctness of 
the rotational origin attributed to the long infra-red spectrum is the 
fact that the value of the moment of inertia of a molecule calculated 
therefrom leads in turn to values foi*the distance apart of the two a,toms 
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in a diatomic molecule which are in Satisfactory agreement with the 
accepted values. 

Since the moment of inertia of a diatomic molecule has already been 
shown to be given by the expression: I - A. + m„) where 

m is the mass of an atom and / the distance apart of the atomic centres, 
it follows that if we know the masses of the two atoms in a diatomic 
molecule and tfieir distance apart we can calculate i. Alternatively, if 
I be calculated from the fundamental rotational frequency by means of 
the expression v t) ~ ///qx-J., in the case of a diatomic gas, the masses of 
the atoms of which are known, it is possible to calculate the value of /, 
which should be comparable with the accepted value for the radius of 
the molecule. Kratzer has carried out this calculation with the results 
shown in the following table for the three halogen hjdrides examined by 
Randall and Imes. 


Ci as. 

1 I y jo4'i 

(_ *_ u ) X I,,24 ; 

/ x io s cm. 

it r 

1*3*5 

! i*57 1 

erg*.! 

net 

**5<M 

1 1 -(>20 j 


HBr 

! 3‘-\5' s 

' r - f)^6 ; 

r 1°7 


It will be observed that the values of /are very much what we wxiuld 
anticipate not only as regards absolute magnitude but also as regards 
rel.itne position. 

i.etu ( r/iysikal . Zcituh., 21, byi, ti) 2 o) has also applied the 
rotational expression to the case of the fluorescence (emission) spectrum 
of iodine vapour, the fluorescence being caused by exposure of the 
vapour to the single mercury line 5462A— observations of Wood 
(/’////. J/c/g., 35, 236, j 9 tS). From the observed frequency differences 
between two lines of a certain doublet Lenz finds that I is approximately 
2 x 1 o _;ls , whence / = 1'4 x io -s cm. as the distance of the two 
iodine atoms apart in the iodine molecule. The values of I for other 
gaseous molecules are calculated by Schwarzschild ( Sitzungsber.. Treuss. * 
Ak<uL , p. 567, 1916). 

The problem as to whether two gaseous isotopes could be detected 
in the rotational spectium lias been considered by Loomis {Astmphys. 
/, 52, 248, 1920) who points out that the molecule of a compound 
such as HO, HBr or IIF would be a more favourable case to examine 
(with the object of detecting the presence of isotopic forms by the suggested 
method) than an elementary monatomic molecule. Aston has shown that 
gaseous chlorine is not a single substance but consists of two isotopes, 
the atomic weight of the chlorine atom in the two cases being 35 and 
37 respectively. It follows that the moment of inertia I of an HC 1 
molecule containing Cl = 35 will not be the same as the moment of 
'inertia of an HC 1 molecule containing Cl = 37, provided the / term—the 
distance apart of the atomic nuclei—is the same. Ordinary gaseous HC 1 
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nia> be regarded as a mixture* of two suc h forms. The difference in the 
moment of inertia should gi\e rise to a shghtlv diffeient 1 „ where is 
the fundamental rotational frequency. Loomis calculates that the 
difference*should amount to 1 in 1330 in the case of HC 1 and to 1 in 
6478 m the case of HBi. ‘‘ 1 'Kamination of the absuiption spectrum 
of HU, H Hr, and Hh plotted by lines shows that each rotational 
quantum line in the fiist harmonic' of the 11(1 spectrum (/>. the com¬ 
plex band having its cent re,at 1 -yhqh/i) has on the long wave side a 
satellite of less intensity and separated lioni it bv an uveiuge measured 
interval of 14 Angstiom units or 4-5 wave-numbers, which agrees 
witlnn the probable error of measuieinent with the calculated value of 
4‘3 wave-numbers. 'These satellites are the predicted lines due to the, 
heavier isotope. fluorine has been shown to be puie (/V. of one form 
onlv) with atomic weight 19, and the absoiption spectium of I 1 F 
a< eordingly consists of single lines. In the case of H lii the computed 
separations aie smaller than for the harmonic of I ID and the lines of 
sepaiate isotopes have not \et been lesolved.” 

What appears to be- a seiious dilficulty m connection with the 
rotational theory of infra-red frequencies is the facg of the absence of 
the central line of the short infra-rial band due to atomic vibration. 
'This point is takc'ii up in Chapter V. in the section dealing with mole- 
eulai rotations (infia-red absorption spectra of gases) fiom the stand¬ 
point of Bohr’s theory, and likewise 111 Appendix VI. 

It is also neeessai) to emphasise, as has been done by Baly (JV/ll. 
A/a ty, 39, 5^5, ui’o), that each of the- small bands or sub-maxima, such 
as those shown in fig. q, aie themselves complex, each small band con¬ 
sisting of a number of line's. Sleator's work on water vapour aheady 
lelened to demonstrates this. 'This complexity is evidently not 
accounted for at all by the Bjerrum theory as it stands. It indicates, 
therctoie, a sc nous limitation m the applicability of the theory. As a 
way out of the difficulty it might be suggested that during legation the 
molecule suffeis nutation superimposed on the rotation, suc h nutation 
corresponding to vibration frequenc ies extremely fai in the infia-ied— 
further even than those corresponding to rotation—and these when 
compounded with the rotational-vibrational sub-bands in the short infra¬ 
red intioduc.e frequency differences still smaller than those calculated 
by Bjerrum. 

Baly (lot fil.) criticises adversely the lotational theory also on the 
ground of the'inexactness of the calculated rotational frequencies. In 
place of the rotational theory Baly substitutes a mode of treatment 
bised on thice sets of frequencies, namely molecular , iufra-molccnlar , 
and atomic. Each of these sets is characteiiscd by certain frequencies. 
Thus the whole series of absoiption bands exhibited by SO., can be ex¬ 
pressed in terms of three fundamental frequencies namely, 2 4531 £ lo 11 , 
8‘i9 x io 11 , and 1*296 x 1 o 1 *'. The first of these is lftuncl to be 
characteristic of the atom of oxygen, the other two being characteristic 
of the atom of sulphur, all three being atomic frequencies. That such 
values are lfially characteristic of Phe adorns is shown by the striking fact 
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that the same values may be employed in'the case of oth’er compounds 
containing the atom in question. Thus in dealing with the bands ex¬ 
hibited by water vapour in the infra-red, the frequency 2-4531 x io 11 
characteristic of the oxygen atom as deduced from the behaviour of S 0 2 
is found to play an essential part. 

In connection with S 0 2 Baly points out that the least common 
multiple of the three frequencies of oxygen and sulphur given above is 
2-89299 x io v “ and this number multiplied by 10, 12, 14, 18, 26, and 
33 gives the exact central frequencies of all the absorption bands which 
have been observed for sulphur dioxide in the infra-red region between 
the wave-lengths i 2/1 and 3^. Then again, of these absorption bands the 
one with the central frequency 2-89299 x 14 x io r ’ has the greatest in¬ 
tensity and this central fiequency (which corresponds to X = 7-4/,.) when 
multiplied by 25 gives the exact central fiequency of the less refrangible 
band in the ultra-violet, viz. X — 296-1/91, the central fiequency of the more 
refrangible band not having been observed. The least common 
multiple of the three atomic frequencies is calk'd by Baly the molecular 
frequency, such molecular frequency determining, as we have seen, by 
means of a series of integral multipliers, the central frequencies of the 
heads of bands in the infra-ied region. Each band, however, contains 
sub-maxima and the position of these are related by means of a series 
of integral multipliers to the least common multiples of two out of the 
three atomic frequencies, whilst the component lines of each sub-maxi¬ 
mum are due to the atomic frequencies themselves. The frequency 
obtained by taking the least common multiple of any two out of the 
three atomic frequencies is called the intra-molecular frequency. “ Each 
complete absorption band, therefore, consists of a central or ttue mo¬ 
lecular frequency compounded with intra-molecular fiequencies in the 
central lines of the sub-groups and with atomic frequencies in the com¬ 


ponent lines of the sub-groups.” 

This least common multiple principle has been applied with success 
by Baly to the structure of the two bands in the neighbourhood of 6 p 
and 3/x exhibited by water vapour. For the details the original paper 
must be consulted. At the present time the mechanical significance of 
the characteristic frequencies, atomic, intra-molecular, and molecular, is 
not clear. Not has any reason been assigned for the particular choice 
of the integral multipliers or their physical significance. The accuracy, 
however, with which the method of treatment permits of even very com¬ 
plex spectra being calculated in detail indicates the validity of the least 
common multiple principle, and also indicates the close connection 
there is between the absorption exhibited by a substance in the infra-red 
with its absorption in other regions of the spectrum. 

Finally, yet another alternative to the Bjerrum rotation theory has 
been -proposed by Kruger {Ann. Pliystk, [iv.] 50 , 34b; /A, 51 , 45 °> 
(1916)), who replaces rotations by ^recessional vibrations of the molecule, 


the early Rutherford-Bohr structure of the molecule (compare Chapter V.) 
being assumed and gyroscopic properties attributed to it. At suffi- 
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ciently high temperatures tfie processional vibrations are regarded 
by Kruger as merging into true rotations. There aie serious objections 
to the processional theory of far infra-red bands. The point is briefly 
considered in Appendix VI. 

before leaving at tljis stage the problem of band spectra, certain 
considerations, due to R. T. Bitge {Aslrophys. /, 55, -7,b 1922) which 
deal with band spectra in the ultra-violet as well as in the infta-ted may 
be mentioned. To a eertain»e\tent the treatment anticipates that given 
later (('hap. V.) in which the concept'of discontinuous transition from 
one state to another in the sense of Bohr’s theoij is applied to bund 
spectra. According to Birge “thcieis no essential difference in the 
structure of near infra-red bands such as the halogen acid bands in¬ 
vestigated by lines [loc. cit. ] and by Colby and Meyer ( Astrof/tys . 

50, 251, 1919) and many ordinary bands in the visible and ultra-violet, 
such as the cyanogen band 3883A investigated in gieat detail.” . . . 
“Each true band consists of one series having two similar branches. 
The common origin of these two branches is a ‘line’ of zero intensity 
and is labelled m = o. from this point the positive blanch runs to¬ 
wards the longer wave-lengths and successive lines [/.<■. sub-maxima] are 
designated m - + 1, + 2, 4- 3, etc. The negative brain h runs in the 
opposite direction and the lines [sub-band maxima] aie designated 
m — — i, - 2, - 3, etc. Successive lines |sub-bands | are not 

equal]) spaced but crowd closer together in one diration until the 
series presently reaches a turning-point whine the separation ol suc¬ 
cessive sub-bands lias become zero, and then turns back on itself.” 
[Reference is here being made to what is actually observed in the ultra¬ 
violet band such as that of cyanogen ; the apparently different behaviour 
of the short infra-red band of, say, 11('1 is discussed below.] “This 
turning-point is what has always been known as the “ head ” ol a band. 
Either the positive or negative branch may thus invert. In the former 
case, illustrated by the A = 3883 CN band, the band is said to be de¬ 
graded towards the violet, while in the latter case, illustrated [partially] 
by the halogen acid infra-red bands, the band is said to be degraded 
towards the red.” 

“The two types of bands, ultra-violet and infra-red, do not appear 
similar in structure, due mainly to the fact that the infra-red bands have 
not been followed to the ‘head’ because of the rapid decrease in in¬ 
tensity of the ‘lines’. But this in turn is due merely to the low 
temperature of the absorbing molecules in the experimental conditions 
employed.” [Note that, in the above, the word “head” is used to 
denote the turning-point of the sub-maxima; the true head is the mis¬ 
sing narrow' band which would correspond with the true central position 
of the whole system of sub-bands which constitute the broad band.] 
“Theoretically each ‘line’ of a band series corresponds to a different 
change of molecular rotation.” ** 

“In the case of all visible and ultra-violet bands it has been 
customary to consider a series upstarting at the point at which Av =» o 
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[i.e. the turning-point in the sub-maxima separations] where a strong 
head generally appears and the lines are numbered from this point. . . .” 
At first sight it would appear that a very serious error might have crept 
in in thus taking the turning-point as the head of the whole band in¬ 
stead of taking the true central position.' In ultia-violel bands, however, 
the turning-point is reached wjtlun a small distance from the true 
cential position and the different e is not great, in the case of the infra¬ 
red band of, say, 1IC1, in which the turning-point has not been observed 
owing to the lailuic m absorbing power, the tinning-pomt would natu¬ 
rally be eonsideiably separated from the true central position. 

The idea that a series has two branches centering at a point other 
than the head of the band is due to Lortrat (Thesis, Pans, 1914.) 


Tun Moij'.c in ,am Hkwoi IImirookn C’.\s a r Low Tkmi’kua rimrs. 

(Cf A. liucken, Si/^uu^/rr. kou /’truss. Akati. U’rsuust/utJ/, 

p. 141, 1912 ) 

The molecular heat of hydrogen is of paiticular interest, because 
hydrogen is the simplest type of diatomic molecule. The most striking 
result obtained byline ken is that at low tcmpeiatuies hychogen behaves 
as a monatomic gas, /.<■. it exhibits no energy of a lotational kind. The 
experimental di'lails will be found in the paper refened to Jt is suf¬ 
ficient m the present instant r to quote ccitam of the results. Luc ke n 
employed diffeienl cpuntities of hydrogen in the caloiimeler (internal 
volume, py e.cs.), and his experiments arc sufficiently exact to show' that 
the moleculai heat varied with the cone enlration of the gas. 'Jin follow- 
table gives the value of the molecular heat observed conesponclmg to a 
particular temperature 1 , 1 and the mass of hydiogen employed.— 


r Abs 

Or.im-inolcs ol in 

j Molt LUlal llL.lt 

1 

-74 11 

1 crogftG 

4‘94 

nj.| 

■ on 710 

I ’39 

91 

; 

1 3'41 

()i 

! 00315 

3'3-* 

S.* 

1 o‘ii 6 h 

1 3’3° 


The data obtained at still lower temperatures are given in the 
following table .— 

1 TIic moleculai heat values are “ instantaneous,” or true molecular heats at a 
given* tSmperatui e; uot mean values over a temperature range. 
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T Abs. 

Gram-moles 

Molecular 

Gram-moles 

Molecular 

Gram-moles I 

Molecular 


Heat. 

Il 2 . 

lleat. 

Ha. ! 

Heat. 

35 

0-1909 

3 ' 4 1 2 

o'1 79 1 

_ 

O-IOJO 

3'20 

4 ° 


3-.8 


— 

» 1 

3x8 

45 


3 * 3 ° 

» » 

3'-:8 

»% 

3 '» 3 

5 ° 




— 

II 

3 'M 

60 



• t 

— 

II 

309 

&5 


3-21 


- - 

11 

3'14 

70 


3-*6 

P 

— 

'1 

3 '16 

ho 

to -'5 85 

3 " 2 9 

0-1295 

3' 2 3 

11 

G-’o 

S5 


3'34 


3' 2 7 

11 

3 ’ 3 2 

go 


3 '4 2 

I' 


»• 


TOO 


3 't >4 

I* 

3'37 

II 

— 

110 


3-82 

1 » 

yUi 

11 

1 * 


It will be seen that the lower the concentration of the gas t ic lower 
the molecular heat. 3 This effect is taken account of by the thermo¬ 
dynamic rclation- 

m ;, y/> 

, kt)T“ 

To make use of this expression Hut ken employs a relation of D. Ber- 
thelot which connects the molecular heat at any given concentration 
with that of the substam e in the ideal gas state.” In this way ICucken 
arrives at the following values foi the molecular heat of hydrogen m the 
ideal gas state :— 

Molecular Heat of Hydrogen in the Ideal Has State, 


r Abs 

Molecular |- 

35 

2-98 

40 

2 98 

45 

3-00 

50 

3-01 

60 

2 '99 

65 

3'°4 

70 

3'to 

80 

3 'I 4 

85 

3 ' 21 

90 

3-26 

100 

3 ‘ 4 2 

no 

3'62 

196-5 

4'39 

273-r 

4 - 8.1 


These values show' that the molecular heat of hydrogen falls rapidly 
with a fall in temperature, finally (at about 6o° abs.) attaining a value 
2-98, identical with that of a monatomic gas. Eucken finds that the 
molecular heat curve shows even a more rapid fall than that gjven by 

1 This is not true universally for hydrogen, i.e. at very high pressures there is a 
tendency for Cu to diminish. 

2 Berthelot’s expression involves the critical temperature and critical pressure of 

the gas. • % * 
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- the Einstein formula for monatomic solids. In general the molecular 
heat of a diatomic gas such as hydrogen is due to three types of energy, 
namely energy of translation, of atomic vibration and of molecular 
rotation. The first of these gives rise to t’he term (3/2)R = 2 "98 in 
the molecular heat, this term retaining its value (theoretically) at all 
temperatures. The atomic vibrations as we have seen in the case of 
diatomic gases generally are of high frequency, i.c. short infra-red. On 
the basis of the quantum theory, therefore^ the probability of a contribu¬ 
tion from this source to the observed molecular heat will become ex¬ 
ceedingly small even before the temperature has attained very low 
values. This is implied in the formula; used in connection with the 
atomic heats of solids where the energy is entirely of the vibratory tjpe. 
It will be recalled that carbon happens to possess a characteristically 
high frequency—though even this fiequency is distinctly less than that 
attributed to the atomic vibrations of a diatomic gas molecule—with the 
result that the atomic heat of carbon is much less than, say, that of 
copper at room temperature and becomes zeio at temperatures well 
above absolute zero. We have already seen on the equipartition theory 
that the molecular heat of a diatomic gas should be 7. E\en at a tem¬ 
perature as high as 273 0 abs. the molecular heat of h\drogen is only 
4*84, indicating that at this temperature the contribution due to atomic 
vibration is quite* insensible. At 273“, thereiore, the molecular heat of 
hydrogen is due to translation of the molecule together with rotation of 
the molecule. Jf we now proceed to lower the temperatuie it follows 
on the basis of the quantum theoiy that the rotation should contribute 
less and less to the molecular heat, since the chance of a molecule 
possessing a single quantum of the rotational type becomes less. That 
the molecular rotational term v = 10 1 - to io 1:1 persists at temperatures 
at which the atomic vibrational term v = io u has already become in¬ 
sensible is due to the fact that the quantum hv of rotation is consider¬ 
ably smaller than that of vibration, so that the chance of possession of 
a rotational quantum is greater at a given temperatuie. The chance 
of possession of a quantum of any size diminishes, however, as the 
temperature falls, so that at sufficiently low temperatures even the tota- 
tional term will vanish and w 7 e will be left with the translational term 
(3/2)R as constituting the whole molecular heat of the gas, as observed 
by Eucken. 

In the case of hydrogen that part of the observed molecular heat 
(from 273'’ down to 35° abs.) which is due to the existence of rotational 
energy may be easily obtained by subtracting 2-98 from Eucken's values. 
In this way the following values for C r , the molecular heat term due to 
rotation, are obtained :— 


T* * 

35“ 

•15° 

65° 

8o° 

90° | 

IOO° 

lIO° 

196*5" 

c t 

0*00 

0*02 

o*o6 

Ol6 

0*28 j 
1 

°‘44 

0*64 

1 ’3 I 

f 1 


273*1° 


i*86 
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The upper limit of C r is given by assuming eqmpartition and is 
therefore R itself, namely 1*985, since rotation of a diatomic molecule 
involves two degrees of freedom and the energy kinetic only. This 
value is not yet reached in the case of hydrogen at 273° uhs. It is 
evident from the data that C r , which is practically zero at \cry low 
temperatures, at first slowly rises, then rapidly, and finally, slowly again. 
This is reminiscent ol the atomic heat of solids which we have seen can 
be accounted for by quantum considerations. As already mentioned, 
however, the values of C r rise more rapidly with temper atuic than can 
be accounted for on the basis of Einstein’s equation 01 the equation of 
Nernst and Lindemann. Thus to account for the absence of rotational 
energy in the neighbouihood of 35 1 abs. it would be necessary to assume 
(on the basis of either of the equations referred to) that the- single 
frequency adopted was of the same order of magnitude as that possessed 
by carbon in respect of atomic vibrations, viz. cu. io l:! At higher tem¬ 
peratures, however, the observed rotational teim is much greater than 
that which w r ould be accounted for on the basis of a frequency as large 
as this. 

Although it is impossible at the present time to account quantita¬ 
tively for Eucken’s results, the data quoted illustrate a point to which 
attention may be diawn. In the case of a rotating molecule the energy 
of lotation is given by .] . I . (277-1')- where v is the hequeney of rotation 
and I is the moment of inertia of the diatomic molecule. Since the 
rotation of a molecule is due to collisions with ncighboming molecules 
it is evident that in general the smaller the moment of inertia, I, the 
larger the frequency of rotation. This means in turn that the rotational 
quantum hv, for a molecule of very small moment of meitia, is rela¬ 
tively large, and hence the probability that a molecule possesses it is 
correspondingly decreased. That is, in the case of a molecule posses¬ 
sing a very small moment of inertia the contribution to the molecular 
heat made by rotation will disappear sooner (/. e. at a higher temperature) 
than it will in the case of a molecule having a larger moment of inertia. 
This explains why the molecular heat of hydrogen reaches the value 
2*98 (due to translation alone) at a higher temperature than that at 
which, say oxygen, would be expected to reach the same limit; for, owing 
to the smaller dimensions and lighter atoms in hydrogen, the moment 
of inertia of hydrogen is less than that of oxygen or indeed of any other 
diatomic gas. As a matter of fact no one has as yet (1922) observed 
the molecular heat of any gas other than hydrogen down to temperatures 
low enough to cause the rotational term entirely to disappear. 1 

What has just been said about the significance of the magnitude of 
the moment of inertia of a molecule in respect of rotational energy has 

1 Thus Bartels and Eucken have shown recently ( Zeitsch. physik. Cl\em , 98^ 70 
(1921)) that the molecular heat of nitrogen at constant volume at a temperature as 
low as 92 0 abs. is approximately 4 96 for the gas in the ideal gascouv state. On 
subtracting the translational term 298 from the above value we obtain 198 as the 
contribution due to molecular rotations. This is practically identical with the value 
of R itself, namely 1*985, which represents the upper limit or equipartitional valile 
of the rotational term. In other words, the frequency of rotation of the nitrogen 
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a direct bearing on monatomic gases. These arc characterised by 
possessing, over the range of temperature so far investigated, energy of 
translation alone. The possible rotation contributes nothing to the 
molecular heat. This is due to the extremely small moment of inertia, 
much smaller than that of hydrogen. * The corresponding frequency of 
rotation in the ease of a monatomic molecule is very large, so that it 
would only be at extremely high temperatures that the chance of posses¬ 
sion of a quantum by a molecule would become great enough to con¬ 
tribute a sensible amount to the mole< ular beat m virtue of rotation. 
The smallness of tin inertia in monatomic molecules is in complete 
agreement with the view of atomic structure put forward by Rutherford 
and liohr (Chap. V.) according to whom almost the entire mass of the 
atom is concentrated on a nuilcus of almost infinitesimal dimensions at 
the atomic centre. 


The “ Degradation Tiieorv*' or Cases. 


(Cf. Ncrnst, Conscil Solvay, 1911; Zeitseh. Eleklrochtm ., 20 , 357, 
1914; lin'd., 22 , 185, 1916; Verb. Dtutsch. p/ixi. Ces , p. 99, 1916. 
Ncrnst, “ Grundlagui des neuen Warmesat/es ” (Knapp), 1918.) 


Eueken (Per. Deuhch. phys. (des., 18, 4, 191b) has measured the 
moleculai heats of hydiogen and helium at high pressures and at very 
low temperatures and has found that the molecular heat falls even 
below the value i!R (2-98). The following aie the data in the case of 
hydrogen :— 

T 1:9-0° 154-0'’ 21"/’ iS-fV’ 

C t . — 3-20 3-02 2-78 2-70 


The first of these values, namely 3-20, when 


c»| 



recalculated by the aid of 
Berthelot’s equation, corre¬ 
sponds approximately to the 
value 2-98 for the ideal gas 
state. The remaining values 
correspond thciefore to mo¬ 
lecular heats even less than 
that of a perfect monatomic 
gas, where the whole of the 
energy is kinetic energy of 
translation. Further, the 
gieater the degiee of com¬ 
pression the lower the value 
of C„. This is represented 
in the accompanying dia¬ 
gram in which zq is greater 
than V;. 


1-ICi. 10. T 

f * 

molecule is so much smaller than that ol hydrogen that even at 92° abs. the quantum 
treatment of the rotation merges into the classical treatment. To obtain evidence 
of quantisation of rotations in the case of nitrogen it would be necessary to make 
observations at temperatures much lower Aian 92° abs. ’ 
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This remarkable behaviour is discussed by Nernst, who regards this 
degradation of the ideal gaseous state as due to the substitution of 
circular rotational motion of. the molecules mound fixed points at very 
low temperatures in place of free translation. It is assumed, in fact, 
that at exceedingly low temperatures a gas, even a dilute one- though 
its dilution must be finite—behaves somewhat like a solid. There is 
a distinction, however. In the case of a solid we must conclude that 
even under zero pressuie the sn^ill units composing the material occupy 
certain fixed positions with respect to one another defined by the fad 
that compression has to act against foiees of repulsion whilst expansion 
is opposed by lorces of attiaetion. In the case of a gas in the degraded 
state repulsive forces alone are postulated, so that, even m this state—■ 
which only has significance for very low tempcralim s —-the gas occupies 
completely the containing vessel as it does at ordinary temperatures. J 

Nernst further assumes that each molecule rotates 1 ’ in as wide a 
circle as possible without interfering with the motion of its neighbour. 
That is, if V is the volume occupied by one gram-moleeule of gas m the 
degraded state and r is the radius of rotation of a molecule, we can 
write as a first approximation— 

N>r* = V, 

wheie N is the Avog.idio constant. A more correct expression is ob¬ 
tained if we make allowance for the- fact that the circular rotational 
orbits are 01 nutated in a completely landom manm-i. for the sake of 
simplicity suppose that one mole of a gas is in a cube the length of one 
side of which is Y 1 Then, making the usual approximate assumption 
that the molecules may he divided mto three groups we obtain— 

AN-'Vr 3 = V-' 3 

s v 2 / ;i 

~ ttN-/:*' 

Consider the case of a single molecule rotating with velocity v in an 
orbit of radius r. It follows that the frequency v of rotation is given 
by- 

v = 7 >j 2 vr. 

Further, since the energy is kinetic only and theie are lliice degrees of 
freedom we can write the quantum relation— 

\hv — \niv~ 

where m is the mass of a molecule. 

1 It will he observed that the deviations from the ordinary gaseous behaviour 
considered here have nothing to do with the deviations from the perfect gas law 
exhibited by gases at higher temperatures (taken account of by the various equations 
ot state), for in the case considered the gas may be very dilute (though Vit infinitely 
so) and yet exhibit degradation. 

-It will he observed that the word rotation is here used in a different sense from 
the “ true ” ro^tion or spin of a moleculg round an axis passing through the molecule 
which is the kind of motion envisaged in the s^-called "rotational spectra,” etc. 
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Whence 
and since 
we obtain— 


v = ^hj^ir-rh/i 

.. _ 3 YU! 

r ~ v ‘ N 2 '- 1 • 
e = //N in /4irmV*'* 



(0 


It is evident, therefore, that v is a function of V, decreasing as V increases. 
For a gas of unit molecular weight and occupying 22^4 litres, v would 
have the value 10 11 . (For true molecular rotations (Bjerrum) the corre¬ 
sponding quantity is of the order io 1 -.) 

Turning now to the energy K of a gas at very low temperatures, 
instead of writing E = ijRT in which energy is due to free translation 
we must write for a gas in the degraded state in which the energy is due 
to “ rotation ”— 


E = 


I» ftu v 

2 • (■&»’! T ~_ 


(2) 


This important relation requires that the molecular heat shall fall below 
the value 2 - y8, and, in fact, become zero as the absolute zero of 
temperature is appioached. Owing to the small value of v, it is only at 
very low temperatures that equation (2) differs sensibly from the value 
I 1 RT. It is also to be remembered that v itself is a function of volume 
so that E depends on T and V simultaneously. 

(Notk. —Even in the case of a diatomic gas the work of Euckcn has 
shown that at low tempeiatures (though still at temperatuies above the 
degradation region) the molecular heat becomes identical with that of a 
monatomic gas, because the true molecular rotations (ot spin) which 
accompanied the translational motion and were in fact due to collisions 
have become vanishingly small. At still lower temperatures the degrada¬ 
tion sets in. That is, “rotations’' of the kind envisaged in degradation 
make their appealance. In the latter case they are not caused by 
collisions but are due to the transformations of fret translational energy, 
presumably per se, into “ rotational ” energy. It is evident that the 
frequency term which characterises the true molecular rotations which 
exist at higher temperatures must be much greater than the correspond¬ 
ing term lequired to account for the degraded state. Such considera¬ 
tions as these indicate the high degree of speculativeness which 
characterises the whole concept of degradation.) 

The chief importance of the concept of the degradation theory of 
the gaseous state lies in the possibility which it affords of applying the 
Nernst heat theorem directly to gases. Nernst assumes, in fact, that on 
the basis of the concept of degradation it is legitimate to write for a gas 
of Anile density— 

lim (dpfdT) const, u = o-j 

or lim dA/dT - o [for T = o. 

and __ lim dU/Iii — o ' 1 
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Nernst has thus succeeded in calculating the integration constant for a 
gaseous process by an entirely new method. This is discussed in 
Chapter IX. For the present we shall assume the applicability of 
Nernst’s heat theorem to the’degraded gaseous state in older to obtain 
an expression for the pressure which would be exerted by a gas in this 
condition. 

For this purpose let us consider a ga*s in the degraded state and 
denote its total energy by U and its free energy by A. A is essentially 
potential energy. .Since the U fl?rm as here employed increases with rise 
in temperature, it follows that A will diminish as the temperature rises. 
At absolute zero A and U are identical by the second law, i.c. A„ = U rt . 
On the basis of the second formulation of the quantum theory the total 
energy of an oscillator possessing three degrees of fieedom is :!hv at 
abs. zero and for N surh oscillators (where N is the Avogadro constant) 
we can write— 

U ( , = jN^ 

and for any temperature above zero— 

U = ::N//„ + E 


where E is defined by equation (2). 

Applying the Nernst heat theorem we can also write for A- 


A - :!N hv 


r 1 ir 

- t J„t> t ' • 

Now, - SRT log - 1) - jjN hv. 

J 0 * “ 

Substituting this in equation (3) above wc find— 

A — RT log (eW 1 - 1). 

But, in general, at constant temperature 

pdV = dA 


or 


p = 


DV 


( 3 ) 


Differentiating equation (3) with respect to V, 
we obtain— 


p = 


:':R 




dV' 


keeping T constant, 


From equation (1) we obtain the value of ^ and so find as our final 
expression for the pressure of a gas in the degraded stale— 


R /V 

V ‘ - e-torA 
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It is to be remembered that v is a function of V, diminishing as V 

RT 

increases. Consequently equation (4) becomes p = when V or T 

is sufficiently large. At absolute zero itself, and for a small range above 
this, the pressure is gi\en by— 


47 TW V' 1 ' ! 


( 5 ) 


As already mentioned, Nemst assumes that in the degraded state a 
gas is ehaructensed b) forces of repulsion between the molecules. It is 
of interest to attempt to determine the law of repulsion which obtains 
nuclei these conditions. This problem is considered b) Ncrnst ( Sitzungs- 
her. prntss. A had ., ji. i i 8, 1919) m the following manner. 

In the first place, Ncrnst points out that factors such as 47r (which 
occ ms in equation (s) lor example) aie relatively umeitain, the 
theoretical considerations not having attained this degree of precision. 

As icgards the structure to be assumed for the degraded state the 
simplest is that the molecules are placed at the comers of cubes. 11 we 
denote the distance' between two molecules by r we have— 


V = Nr 1 . 


If the mass of gas expands by d V at T — o the 1 external work done is— 


A' /v - /vNjp-Vr 


( 6 ) 


This woik may be- attributed to the forces of repulsicm consequent upon 
inn easing r by dr. 'That is, 

p v d\r = dYS. K . ... (7) 


where rclcis to summation ovei all the* molecules, 
and (7) it follows that— 

4 /AN 


2K 


477 mr 


loom (5), (6), 
. ( 8 ) 


This equation rrqiiues that between any pair of molecules the repulsive 
force Xq shall be given b) — 

Xq — A 'mr' . . . . (9) 

That is, the force of repulsion varies as the inverse cube of the distance. 
We meet, however, with a difficulty if we assume that this law holds 
between all the molecules as distinct from neighbouring pairs. If the 
law applied to the effect of all the molecules upon any one of them it 
would follow that the pressure caused by the repulsive foues would 
depend, as Ncrnst shows {Joe. cit.), not only on the density of the gas but 
also upoq,its degree of expansion. The pressure must depend, however, 
only on the density and to obtain this condition it is necessary to assume 
that the repulsions considered operate only between neighbouring molecules 
and do not extend beyond these limits. This suggests at «nee that the 
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repulsive force dealt with is analogous to chemical force, say beween two 
atom'.; in other words, it is of the nature of a valency force directed 
between two individuals and not extending be)ond them. We may 
speak therefoie of “lines’’ of repulsive force between neighbouring 
molecules in the degraded state.* The cubical formation assumed for 
the distribution of the molecules in space lequires that there should be 
6N lines of repulsive force if 6 lines* emanate from any individual 
molecule. Since, however, we are here counting the lines twice over 
the total numbet of such lines V 3N. Hence equation (S) becomes— 


whence 


SK = 3 N* 0 = 


/r 

47 rm 


3 //-N 

47 r mr " 


(10) 


as the law of repulsion between neighbouring molecules in the degraded 
state. 

It is of interest to see how this law compares, as regards magnitude, 
with the law of gravitation on the one hand and Coulomb’s law on the 
other. Taking the case of two particles, each carrying one electronic 
charge and each having the mass of a hydrogen atom, the particles being 
assumed to be 1 cm. apart, the laws mentioned give rise to the following 
forces: 


Electrostatic repulsion 
(Gravitational attraction 

Repulsion given by (to) 


—■ o‘2 20 x to“ 1s dynes 
on 77 x 1 o'-'” 1 dynes 

* 10 ‘ r 'Y 

47r x 1 O3 x i o~ 

— o 1 2o() x 1 o - 'dynes. 


It will lie observed that equation (10) leads to a magnitude which is 
great compared with gravitation but small compared with electiostatic 
repulsion. If we take the case in which the atoms of hydrogen are 
separated not by 1 cm. but by the distance io~ s cm. which separates 
them in the hvdiogen molecule the repulsive force given by equation 
(to) is about one thousandth of the electrostatic force which would 
exist between two electronic charges separated by this distance. The 
fotec though small is therefoie not negligible. 

The next point is whether a force such as that given by equation (10) 
could enter into any of the quantities considered in the kinetic theory 
of gases involving forc es of repulsion, notably the: mean free path of a 
molecule- with the related phenomena of viscosity, diffusion and heat 
conduction. 

Nernst has considered in this manner the problem of viscosity, 
making use of the simplifying assumption that all the molecules possess 
the same kinetic energy ^ mu '“. Since tins may be regarded as made up 
of three equal terms in respect of the three space co-ordinates it follows 
that at a collision occurring along one- of these axes the kinetic- energy 
term involved is \mu l for each n»olecule. The expression of Clausius 
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for the viscosity q of a gas (which is based on the same assumption that 
the molecules all possess the same kinetic energy) is 

■q — muj^irtr- . • . . . (il) 


where <t is the distance to which two hiolcculps approach in a collision. 
Naturally on the basis of equation (10) the <r term is not a constant. 
Its value in any case may be obtained by assuming that the kinetic 
energy falls to zero at the moment of clpsest approximation of the two 
molecules, the kinetic energy being just overcome at this point by the 
force of repulsion. We have then, 


f* h- 

2 x l mu- = - i - dr = 

'* J«r4 Mr* 


h 2 

87 Tin 


(T 


2 ) 


In this expiession it is assumed that at a collision only one of the six 
repulsive forces is involved; if all six are involved the right hand side 
•rfl 1 t 

Combining either form of equation (12) with (11) 


becomes 

47tvz ir“ 

we obtain :— 


V = $ 


for v 


m A u A 

W 

, rn A u A 


s. /{ i 


J 3 («) 


That is, the viscosity should be calculable from the molecular weight, 
the molecular velocity and Planck’s constant. 

Before attempting to test the applicability of equation (131*) or 
(13/$) it is necessary to point out that equation (10) is based on considera¬ 
tions for which 1 ' is in the neighbourhood of zero. In testing the 
viscosity relation we must restrict ourselves therefore to low temperatures. 
A low temperature means that the kinetic energy term is small and con¬ 
sequently the intensity ol a collision is small, that is, the two molecules 
do not interpenetrate, or, in other words, cr does not sink below a certain 
limit. From another point of view w r c would expect that equation (13) 
could not apply if the collision involves a value of tr at which the electro¬ 
static forces of repulsion due to the close approximation of rotating 
electrons in the two molecules becomes the really significant term. It 
is knowm that in the case of hydrogen the range of such forces is about 
2 x io~ h cm. Hence it is only justifiable to apply equation (13) to 
cases for which the it term is greater than 2 x io“ s . 

From equation (12) it follows that: 

= h - A. 

jfiu’Sj Sir 

Applying this to the case of hydrogen at T = 273 it follows that o- =» 
0*38 x io~ 8 ; at T = 21, tr = 1 *35 x io~ 8 . These values are ob¬ 
tained on the basis of a single valency, repulsive force operating. If six 
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such forces operate, then, at T = 21, <r — 3-3 x io~ 8 . We may con¬ 
clude therefore that in the ease of hydrogen at temperatures of the order 
20° abs. we have a conditiqn to which the viscosity telation may be ap¬ 
plied approximately. 

It follows from equatjon (13) that the viscosity should vary as the 
cube of the average velocity of the molecules, and theiefoie as T 1 * 5 . 
This should hold good at low temperatures. The following table con¬ 
tain-. the values of the viscosity of hydrogen at various temperatures and 
also the value of a obtained from the relation 



The value obtained for x from this expression will refer to the geometric 
mean of the two temperatures chosen. 

T (alis ) — 2701 ‘ I9.gfy’ 8 i - 6 " 21 0 

tj x iu 7 - .'50 670 37-j 99 

x = 0-70 0*67 o-q8 

It will be observed that x remains fairly constant down to 8 1-6° and 
then rises so that at a temperature of about 40" its value is 0*98. Hence 
at 21 u it will approximately reach the value 1*5 as required by equation 
(13). We have seen, however, that the application of (1^) is only justi¬ 
fied at this tempcratuie provided all six repulsive valencies function. 
Hence equation (13^) is to be pieferred to (i3«). 

lirilloum had alieady shown on the basis of Maxwellian distribution 
of velocities that if the repulsive force between two molecules be i/r n 
then 

7 h T A !4 

V> .!’•< 

From room temperatuie down to 8o° abs. this expression gives a con¬ 
stant value foi n, namely 10, identical with the law of repulsion found 

by Bom and Lande for crystal lattices {cf Chap. VIU.). Jfi low 8o' J the 
value of n diminishes, probably due to the fact that at low tempera¬ 
tures when tile molecular velocities are small, the repulsive forces, 
postulated by Nernst in the degradation theory of gases, first begin to 
operate and become sensible. As will be seen from the form of equa¬ 
tion (13) the greater the mass of the molecule considered the lower 
must the temperature be at which the equation begins to apply. 

We have now to test equation (13/') to see how far it ieproduc.es 
quantitatively the value of // for fqdrogen at 21 u abs. On inserting the 
numerical values we obtain 


(3-26 x io - -' , ) a (‘5 , ro x io 4 ) 3 

(6'55 x 1 o~-- 


X 1 O" 


whilst ?; observed is 
good. « 

VOL. III. 


1105 x io -7 . The agreement is remarkably 
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Equation (13^) may also be written in the form— 

r/ = o , 47(M.T.) 1 ' 5 x io~ 7 . . (14) 

where M is the molecular weight. 

It would follow from this that at a given temperature the viscosity of 
different gases should vary as .the molecular weight to the power 1-5. 
At 273 0 abs. no such relation holds. This equation, however, would 
only be expected to hold for a very low temperature region, and since 
the greater the molecular weight the lower the temperature limit, it is 
evident that for gases of high molecular weight it would be impossible 
to carry out the necessary measurements. A comparison may be made, 
however, in the case of hydrogen and of helium. At T = 21 0 7 / He /^H a = 
3’2 to 3‘8 (according to the experimental data employed) whilst 
( Mhc / Mh ,,) 1 '* 0 = 2-83. The agreement is only moderate. 

As already mentioned the degradation theory is again considered in 
Chapter IX. in connection with the calculation of the chemical constant 
of a gas. Attention will there be drawn to the considerations of Linde- 
mann which constitute an adverse criticism of the theory of degradation. 



CHAPTER V. 

• 

Atomic and molecular structure—Distribution of electrons in atoms—Structure of 
the atom from the standpoint ot the quantum theory— the Kuthei ford- Bohr atom- 
model—High frequency spectra of the elements Moseley’s relation--Infra-red 
absorption spectra of gases—Parson’s magneton—The Lewis-Langmuir atom- 
model—The Whittaker-Ewing magnetic model. 

The Rutherford Atom-model. 

(Rutherford, Phil. Mag., [vi.], 21 , h6g (iqii).) 

Thk underlying idea in this atom-model is that the atom consists of a 
central charge, concentrated on a nucleus, which is surrounded by an 
“atmosphere ” of electrons, rotating in certain mints. Practically the 
whole mass of the atom is to bt ascribed to the nucleus. The number 
of “atmosphere” electrons is not large. The dimensions of the nucleus 
are considerably smaller than the dimensions of the atom as a whole. 
Rutherford estimates the diameter of the nucleus to be of the order 
io~ 12 cm., whilst the diameter of the atom as a whole is of the order 
io“' s cm. The nucleus 1 itself possesses a structure about which, how¬ 
ever, nothing is known. It, the nucleus, contains probably quite a 
large number of electrons, but these are bound firmly, except in the 
case of radioactive materials which are capable of expelling one of these 
bound electrons in the form of / 3 -rays. The outermost ring of the 
“atmosphere” electrons contains those which give the property of 
valency to the atom. The innermost electrons of the atmosphere are the 
source of X-rays, the shortest wave-length which the atom is capable 
of emitting. The necessary disturbance of the innermost electron is 
brought about by collision with a / 3 -ray (cathode ray) which jerks the 
innermost electron out; on its return journey to the innermost ring it 

1 It may be recalled that on the basis of electromagnetic theory the electro¬ 
magnetic mass of an electric charge distributed uniformly over a sphere is inversely 
proportional to the radius of the sphere. The mass of the nucleus of the hydrogen 
atom is 1835 times that of the electron. Hence on the above basis, the radius of the 
hydrogen nucleus should be i of that of an electron. Although this is difficult to 
accept, so little is known about the nucleus at the present time that we must regard 
it as not impossible. If true, it would follow that tne electrons must be compressible 
or can interpenetrate one another, a view which is in agreement with that suggested 
by Nicholson (Proc. Phys. Soc. Lond., 30, 1, 19x7), namely that an electron does hot 
possess any definite size, but is to be regarded as a strain in the ether. Vhis would 
permit of interpenetration. The dimensions usually assigned to the electron are 
io“ 13 to io -13 cm. Compton, on the other hand (Phys. Rev., 14, 247, 1919), regards 
the electron as # a ring of electricity having a radius 2 x io -, “ cm.— cf. the atonl 
model of Parsons considered later in this chapt|r. * 

”5 
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causes the emission of the extremely short waves which' we call X-rays. 
Rutherford was led to this planetary view of the atom in order to ex¬ 
plain the scattering of a and [i particles., When such particles pass 
very close to the centre of an atom they are violently deflected, an 
effect which could he produced by a nucleus of the kind referred to. 
The angle of scattering has been measured by Geiger and Marsden in 
the case of a-iays, and by (Jrouthcr in the case of /i-rays. The outer 
“atmosphere” of elections rotating mjings do not appreciably affect 
the direction of the motion of an a particle travelling through the atom. 
It is only when the a particle comes into close t onlact with the nucleus 
that its path is abruptly altered, the path Incoming hypeibolic. 


Bohr's Application of the Quantum 'Theory to the Rutherford Atom-model. 

(Bohr, Phil. Mao., |vi.], 26 , j., 47 r N tH 57 (if)J3) l #/</., 27 , 506 (1914); 
30 , 394 (1915)) The 'Theory of Spectra and Atomic Constitution , 
3 essays (Cambiidge University Press). 

Note. -In the following account the mode ot treatment first employed by Hohr 
in 191 -t has been followed in general. This involves certain postulates (whu h appear 
to he almost entirely aibitrary) from which a numbei of relations art deduced, notably 
the expicssion lor the Ualmei series m tile 1 mission spectrum of livdiogcn. As a 
result of later work Holir’s theory has been iccast, and it is now usual to begin by 
combining HalrneTs empirical expression with tin concept of stationary states and 
so lead to the postulate represented by equation (i). This mode o< development is 
cleaily and logically given in N. Campbell’s “Scries Spectra” (a supplementary 
chapter to the same author’s Modern lileitruol 'Hoary). 

Bohi fiist of all points out that the Rutherfoid atom-model, which 
has just been lcfcircd to, suffers fiom the serious drawback that the 
system of “atmosphere” electrons is unstable, that is, unstable from 
the standpoint of classical electro-dynamics. If, however, we introduce 
quantum mechanics, the instability nu; no longer exist fiom the theoretical 
point of view. The problem of atomic stiucture affords therefore a 
i'urthei instance of the necessit) of introducing some new concept, such 
as that of Planck, into electro-dynamics in order to ai count for the 
observed facts. Bohr fust attempts to apply the quantum theory to 
the piocess wheieby a free electron—such foi example as exists in 
a vacuum tube when a discharge is passed—may he conceived of as 
attaching itself to a positively chaiged nucleus. It will be shown 
that it is possible fiom the point of view taken to account, m a simple 
way, for the Balmcr law of line spectra of hydiogen and helium, and 
possibly the theory will eventually be capable erf dealing with the spectra 
of more complicated atomic stiuetures. 

Accoiding to Rutherford, the hydrogen atom consists of a nucleus 
wrtfi a single electron describing a closed orbit around it. The fiist as¬ 
sumption'^ that the mass of the electron is negligible compaied with the 
mass of the nucleus, and that the velocity of the electron is small compared 
with that of light. Bohr considers that whilst the electron is rotating in 
this orbit or stationary slate it ;s neither radiating nor absdrbing energy. 
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Such rotation represents an equilibrium condition of the system as a 
whole. The production of spectra must he due theiefore to some kind 
ofdepartme from an equilibrium state. Jn general Bohi consider the 
possibility of a series of such stationary states coriesponding to election 
orbits of diffeient radius, qnd emission or absorption of radiation is Jin¬ 
to the t’/citron passing from one stationary or e,/nt/ibnurn state to another. 
The quantum idea is introduced in the further hypothesis that during 
the passage of the electron [rom one equilibuum slate to anothei, 
homogeneous radiation of a ceitain fiequency r is emitted or absorbed, 
the amount of ladiant energy so emitted or absoibid being hr, whete 
h is l’l.link’s constant. It will be icalised at once how veiy difl'eient 
these c onsiderations are born those based on classical elecliotlynanncs. 
On the classical view a charged particle rotating steadily in a closed 
orbit is giving off ladiation continuously, and in so doing its <>ibit 
gradually becomes smaller so that the electron would finally chop into 
the nucleus. buitheimore, with the alteration in orbit the wave-length 
of the light emitted would gradually change, a conclusion which is op¬ 
posed to diiect observation, for spectia aie cleatly charac letistic and 
unchangeable pioperlies of an atom. Bohr assumes that no radiation 
at all is gnen out wheat the electron is rotating m an oibit. 

Let us consider the hydrogen atom, one in which there is a single 
nucleus cariymg unit positne c barge, with a single- electron revolving 
around it in a state of equilibrium, the electron liaversing a circular 
orbit with a frequency of revolution to (number ol revolutions per second), 
the radius of the orbit being a. The work which must be done by an 
external agent, i.e. the amount of energy which must be contributed to 
the system and bo absorbed by it, in older to remove the electron to 
an infinitely gieat distance (i.e. to dissociate- the atom completely into 
a positively charged nucleus and a free- electron) is denoted by W 
(enugy units). The work done b\ the system itself in tins operation 
is then - \Y, since the force of attraction between nucleus and election 
opposes the motion of withdrawal. That is, - W is equal to the sum 
of the kinetic and potential energies which flit* election and nucleus 
possess m the- slate of equilibrium rcfericd to. It will be shown later 
that W, the work u-quiivd to eject the elec Iron, is numerically equal 
to the- kinetic' energy of the involving electron taken ovei a complete 
revolution. The t of lemoval ol the electron necessitates the absorp¬ 
tion of radiant energy, i.e. it corresponds to an absorption band in the 
spectrum. 

Now let us consider the reverse process, namely, the act of binding 
a free electron to the ni • lens. At the beginning the elec tron may be 
r< gaided as possessing no sensible velocity with respect to the nucleus, 
i.e. its fiequency of revolution is zero relatively to the nucleus. The 
electron, after interaction has taken place, settles down to a station¬ 
ary orbit—the word stationary refers to the orbit, the electron itself 
is in upid rotation round the orbit. The initial fiee state of the elec Iron 
represents the extreme limit of a series of stationary states through whitji 
the electron*is capable of passing. T^ie other limit is given by the 
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smallest value oi 2 a or the greatest value ot <0 which hecessitates the 
maximum value of W. 

The passage of the electron from the free state (i.e. free with respect 
to the nucleus) to a state of equilibrium which represents the maximum 
stability of the atomic system (i.e. the 'innermost orbit) is only a special 
and extreme case of the transition of an electron from any orbit to any 
other. During the transition from any orbit to another Bohr assumes 
that homogeneous radiation of a certain frequency is either emitted or 
absorbed ; emitted if the electron has moved inwards towards the nucleus, 
absorbed if it has moved outwards. This concept is quantised by 
asserting that the amount of radiation emitted, say, is exactly hv where v 
is the frequency of the radiation. If we denote by v the frequency of 
the radiation emitted in the passage of the electron from the free state 
to the innermost orbit, the work W which would have to be done to 
reverse the process is given b) — 

W - hv. 

It is evident that there should be some relation (involving h) between 
the quantity W and the ficquency of revolution w of the electron in the 
orbit in which the electron eventually finds itself, (w and v are to be 
clearly distinguished, the fiist referring to the frequency of revolution 
of the electron in an orbit, the second to the frequency of the radiation 
emitted by the passage of the electron from one orbit to another, in the 
case considered from infinity to the inneimost orbit.) Bohr postulates 
that— 

W = T h . (i) 

2 ' ' 


where r is an integer, having any one of the values 1, 2, 3, etc., and 
indicating by the numerical value attached to it the 01 bit concerned. 
Thus for the first or innermost orbit r = i, for the second mbit r — 2, 
and so on. The value to be attributed to «> likewise varies with the 
orbit in which the electron is revolving. 

We have now to find the relations which exist between the quantities 
W, u», and a , for the case of the hydrogen atom, the orbit of the electron 

being regarded as circular. (Actually, 
the orbit is probably elliptical, but it is 
here regarded as circular for the sake 
of simplicity of treatment. The more 
general treatment of elliptic orbits is 
given in Appendix IV.) 

Let the points A and B in the diagram represent the nucleus of mass 
M and the electron of mass m respectively. A and B traverse circular 
orbits about their common centre of gravity G. 



If AB = a, then, BG = 


M . ,, mi 

a, and AG = . (These 

’ M + m K 


M + m 

expressions are identical with *thosd already given in the footnote in 
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Chapter IV. in connection with molecular rotations.) The force holding 
B in its orbit is assumed to be the ordinary electrostatic inverse square, 
viz., eEJa 2 , where e is the charge on the electron and E the charge on 
the nucleus. In the particular case of the hydrogen atom, the magni¬ 
tudes of e and E are identical, if w be the frequency of 1 evolution of 
B around G, the centrifugal force 

= = tn( 2 iru ))-. BG = jyj-.- ( 2 tto >)-. a. 


Since the system is in equilibrium the electrical force of attraction must 
balance the centrifugal force. That is— 


c E 

rt“ 


Mm 
M + m 


(27r<i>) 2 . i 


( 2 ) 


The potential energy of the system consisting of nucleus and electron is 
— E c/a. The kinetic energy of the same system is given by— 

(1/2) . M (277-w) 2 . AG- + 1/2 . m . (27™)-. B(t- 


vvhich is equal to (1/2). . (zirw)'*. a 2 = (1/2). E e/a from equation 

(*)• 

. . . , lie ilie 

Hence, — W — kinetic energy + potential energy + 

= - f 

* /i 


or. 


W = i 


lie 


That is, W, the work required to remove the electron to infinity, is 
numerically equal to the kinetic energy which the electron had when 
revolving in its orbit. 

Further, we have seen that 

W = ^ . T /id). 

Therefore, ^ = t/kd. 

1 .1 


On squaring this result and substituting it in the expression- 

w 1 Mm ( v> •> 

\V = * . ,, — . ( 27 ra>)- . a- 

2 M + m v 1 

wc obtain, 

W - 

from which it follows that— 


Mm 

27 tV 5 E 2 

■ («) 

M + m ' 

T W~ 

Mm 

47 rV J E 2 

• 

/ /">\ 
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It is known, however, that the mass of the electron is only 1/1835 of 
the muss of the hydrogen nucleus. Neglecting m compared with M, 
equations («), (/i), and (y) become— 


O 'If 1 ■> 

27rvM'-h* 


Qir-yte-K- 

rVr" 


?a = 


•> T 

2ir-mc\ K j 


If in these expressions we give t different values, v\e get a series of 
values for \V, <», and r;, corresponding to a series of configurations of 
the system, such configurations being stationary slates in which there 
is no ladiation of energy, and in which tin- ele<tion will icmain as long 
as the system is not disturbed from outside. We see that the value of 
IV is greatest if t has its smallest value . viz. unity. This will therfore 
correspond to the most stable state if the syshm i.c. it will < 01 respond 
to the binding of the electron foi the removal of which the greatest 
amount of energy is requned. Substituting m the above expressions 
t --- 1, and 10 — e — the charge on .1 single election, and introducing 
the experimental values, 77’:.. e = 47 x io -1 ", e'm — 5-31 x io 17 , 
h — (>*5 x io 2 ', we obtain . - 

2ti 1 1 x io“ s cm ; <■> - (re. x io 1,1 per sec. , W t = 13 volt. 

We see that these values aie of tin aovptcd order of magmiudi* for the 
linear dimensions of the atom, the optical ficquencies, and the ionisa¬ 
tion potential respectively of hydiogen. 

It is necessary to emphasise once moie precisely how the term W, 
i.e. the encigy which must be supplied to icrnovc the electron to infinity 
or, what is the same thing, the kinetic energy of the revolving election, 
varies from one orbit to another in any atomic system. W depends 
upon two quantities, namely, the index number r of the 01 bit consideied 
and likewise upon the magnitude of <■> as shown by equation (l). 'The 
quantity «> can take on the values «■»,, io.„ o» ; , etc., according to the orbit 
specified. At the same time, the kinetic energy of the electron m each 
of these orbits does not correspond to a single hypothetical “semi¬ 


quantum ” of magnitude 




etc., but contains a different integral 


number of such “ semi-quanta ” accoiding to the orbit considered, the 
integral number being defined by t = t, 2, 3, etc. 

To make this point clear, consider the hydrogen atom and compare 
state 1 with state 3. 

State 1 is characterised by the quantities W a , and r = 1. Hence 
from equation (3)— 

27 rW-’E" hu h 


That is#, W, is represented by one semi-quantum of type «),. 

State 3 .is characterised by the quantities W 3 , «D y , and t = 3, 


whence 

* 


W 


3 


1) apo 




i 
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That is, W 3 is represented by three semi-quanta of type <i» ;i , not by one of 
such semi-quanta. It will be observed that <.> varies as t/t 3 , so that 
oq = 27<iq. Hence == uq/3o> i{ = 9. At the same time it is to 

to be remembered that the jump of the electron from state 1 to state 3 
is accompanied by the absoiption «f one quantum of radiant energy of a 
frequency e where v is given by : hv — \\\ - W. ( . 

It is to be clearly borne in mind that the results so far obtained 
rest on two main hypotheses :— 

1. 'That the dynamical equilibrium of the systems in the stationary 
states can be discussed by help of the ordinary elecliody namics, whilst 
the passage of the systems between different stationary states cannot be 
treated on that basis. 

2. That the latter process is followed by the emission of homogeneous 
radiation, for which the relation between the frequency and the amount 
of energy emitted is the one given by Planck’s theory. 

The nest problem which Bohr takes up is to show that his theory 
is capable of accounting for the line spectra of hydrogen. 

If wo consider the act of binding a free electron to a hydiogen 
nucleus carrying a positive ehaige equivalent to the ehaige on a single 
electron so that the election finally rotates in one of the stationary 
states, the energy radiated out in the fonnation of this stationary state 
is given by equation (3), viz .-— 


The amount of energy emitted by the passing of the electron from a 
state where t -- r, to a state vvheie t l , is consequently- 


Wr a - W r , 


27r me 
Jr 


The state corresponding to t„ is one in which the electron is closer to 
the nucleus than m the state corresponding to r, ; in shoit, t. is less 
than r,, and the linear dimension a of the atom is smaller when t =■- r 2 
than when t == r r 

If we now suppose that the radiation in question is homogeneous, 
and that the amount of energy emitted is equal to hv, we get— 


and hence 



= hv 


2.Tr i me'‘ / t 
Jr \ t7- 



( 4 ) 


This expression gives the frequency of the homogeneous radiation 
emitted by the gas when the atomic system changes from the stationary 
state defined by r 1 to the stationary state defined by r.,. If* these two 
states were the only possible ones the gas could only give rise to a single 
frequency v. The quantities r, and r l are whole numbers, and a single 
atom is capable of existing in a corresponding number of stationary 
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states, so that in general a number of lines will be emitted, as is borne 
out by experiment. The above expression is capable of accounting for 
series of lines emitted by incandescent hydrogen. If we put t„ =» 2 
and allow t x to vary, i.e. t x can take on the values 3, 4, 5, etc., we get 
the well-known Balmer series of lines in the hydrogen spectrum. It is 
noteworthy that to account for the Balmer hydrogen line spectra we 
have to assume that the electron from an outer orbit passes to the 
second orbit (t., = 2) and not to the first or innermost orbit, which 
represents maximum stability. If we f»ut r 2 = 3 and allow 74 to vary 
( T i — 4. 5> 6, etc.), we get the infra-red series of lines observed by 
Paschen (Ann. Piiysik., 27 , 5 f >5 (190S)). 1 If we put T -> = 1 an( l allow 
r t to vary we get a series in the extreme ultia-violet, the furthest Lyman 
region. In the case of elements heavier than h)drogen, c.y. platinum, 
the kind of radiation to be expected on putting t 2 — i corresponds to 
X-rays. If we put t 2 — 4, 5, etc., we get series of lines in the extreme 
infra-ied which were not observed at the date at which Bohr formulated 
his theory. It will be observed that Bohr’s theory accounts excellently 
for those series of lines which have been observed in the case of 
hydrogen and is even capable of predicting other series in regions not 
yet examined. Further, the agreement is quantitative as well as quali¬ 
tative. Putting <■■ = 4-774 x io~ 1(l electrostatic units; rjm-- 5 \31 x io 17 ; 
and // = 6‘55 x io -1 - 7 , we get— 


o 4 

27 T-tne* 

iT 


= 3-28 x 


TO 


Ki 


y 


whilst the value obtained experimentally for the factor (the so-called 
Rydberg constant) outside the bracket in formula (4) is 3'2go x io lfi . 
The agreement between the observed and calculated value is within the 
error due to experimental determination of the various quantities in¬ 
volved. 

It is usual to express the Rydberg constant in terms of wave-number 
rather than in frequencies. By wave-number is meant the number of 
waves occupying a length of 1 cm. in vacuo. Denoting the wave- 
number by i' 1 where v 1 — i/A. (\ being the wave-length), it follows that 

v = f = Cr 1 . Hence we can write the Balmer relation thus:— 


27rW 4 / I 



The factor outside the bracket (i.e. the Rydberg constant) is usually 
denoted by the symbol N and has the dimensions cm. -1 . The constancy 


1 Recent measurements by Brackett (Nature , 109, 209 (1922)) of emission 
spectra of hydrogen in the short infra-red region have shown the existence of lines 
at fCs/u, x'qqh, and 095 ft. “These are the first five members of the 

Paschen serifs due to an electron falling into the third ring from the 4th, 5th, 6th, 
7th, and 8th' rings respectively. The first two of these were observed and accurately 
measured by Paschen.” In addition, Brackett has observed two new lines at 4 05 fi 
anl 263^1, “which, according to Bohr’s theory, may be explained as due to an 
eJectrqp falling from the 5th to the 4th and ko m the 6th to the 4th rin^s respectively, 
forming the first two members of a niw series,” for which r a = 4. 
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of this expression is shown in the following table which contains the 
Balmer series of emission lines exhibited by hydrogen :— 


Line. 

I 


Ha 

15237 

H /9 

20570 , 

II7 

23038 

H 5 . . ; 

24379 

H* 

25T87 


(Vs) 


L _ f = 1_ 

2 a 3 a 36 
t _ 1 _ 3 
2-* 4 2 Ffi 

r t 21 

2 2 5 2 IOO 
I I 2 

2 3 6 2 Q 

J. _ 1 = 45 
2 2 7 2 196 


109706 
I09707 
109705 
109706 
TO9705 


It will be recalled that the Rydberg constant as employed in either 
of its forms above is based on equation (3), in which the mass of the 
electron is neglected compared with that of the nucleus. Strictly, the 
Rydberg constant is not independent of the nature of the gas con¬ 
sidered, the exact expression for the Rydberg factor in terms of fre¬ 
quencies being ^ ‘ M + m ^ ^ re ^ rs to hydrogen nucleus, 

4M would refer to the helium nucleus, so that the Rydbeig constant 
for helium would be Setting M jm = 1835 it may 

be calculated that the ratio of the Rydberg constant for helium and 
hydrogen respectively is 4-001635, the value of the ratio observed 
spectroscopically being 4-001632 ( cf. Fowler, Phil. Trans., 214 A, 258 
(1914)). For the case of hydrogen the most exact calculated value of 
N, expressed in cm. -1 , is given by Birge {Physical Rev. , 17, 605 (1921) 
as— 


►71-‘-V 1 Mw 

c/r M + tn 


109677-7. 


On the same basis the most probable value of N for a nucleus of in¬ 
finite mass is given by— 


:7ii //* 

~cli'T = TO b 73 6 ‘9 ±0-2. 


It may be pointed out that it has not been possible to observe more 
than twelve lines of the Balmer series in experiments w-ith vacuum tubes 
whilst thirty-three lines are observed in the spectra of ceitain celestial 
bodies. This may likewise be anticipated on the basis of Bohr’s 
theory. According to equation (3) the diameter of the *orbit of the 

1 The number 8 in place of 2 occurs because the nuclear charge E on hulmm 

in or ® ■ 
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electron in the different stationary states is proportional to t 2 . For 
t = 12, the diameter is equal to 1 ‘6 x io -1, cm., or equal to the mean 
distance apart of the; molecules of a gas at a pressure of about 7 mm. of 
mercury; for r = 33 the diameter is equal to i'2 x io~ : ‘ cm., corre¬ 
sponding to the mean distance apart of the molecules at a pressure of 
about o’02 mm. of mercury. According to the theory, the necessary 
condition for the appearance of a great number of lines is therefore a 
very small density of the gas, and if tin's were realised in a vacuum tube 
the whole mass of gas present would bl- insufficient to give rise to a 
measurable intensity of emission. in solar conditions we have large 
masses of incandescent gas at extreme raiefadion, and hence lines are 
observed under these conditions which cannot be observed in a vacuum 
tube. 

Bohr next considers the spectrum of helium. 

The neutral atom of helium consists, according to Rutheiford, of a 
single positive nucleus of chuige 2c, with two electrons rotating in the 
same orbit around it. Now, consideung the binding of a single electron 
by a helium nucleus, we get, on putting K — 2<■, in expiession (3) — 



If we put t., — 1 or t.j = 2 in this formula we get senes of lines in the 
extieme ultra-violet. If we put t., = 3 and let t } vary we get a scries 
of lines which includes two of the scrips obseived by Fowler and 
ascribed by him to hydiogen. If we put t., -= 4 we get the seiics observed 
by Picketing in the spectrum of £ Puppis. Fveiy second one of the 
lines of this series is identical with a line in the Palmer senes of the 
hydrogen spectrum. It is not surpiising therefore that these lines fiom 
£ Puppis were ascribed to hydiogen. In Fowler’s expenments hydrogen 
was mixed with helium in the vacuum tube. W ith helium alone in a 
vacuum tube the lines given by putting r„ = 3 are not shown, as the 
ionisation of helium is so small. The presence of hydrogen appears to 
increase the ionisation of helium, due very probably to the fact that a 
positively charged hydiogen nucleus has a considerable affinity for 
electrons and consequently causes the helium atom to lose both of its 
electrons more easily than it would do in the absence of ionised hydrogen. 
The lines predicted by Bolus theory refer to the binding of an electron 
by the helium nucleus which carries a positive double charge. Further, 
hydrogen atoms are known to be capable of acquiring a negative 
charge, so that their “catalytic” effect on the helium may he partly due 
to the affinity of neutral hydrogen atoms for electrons. Bohr explains 
in this manner a certain set of the lines obtained from a vacuum tube 
containing hydrogen and helium as due to the presence of the doubly 
charged helfum nuclei combining with electrons. Finally, if we put 
t 2 = 5> 6, etc., in the above formula we get series, the strong lines of 
whydt are to be expected in the infra-red region. 

It ,has been found experimentally* that under high dispersion the 
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individual lines referred to above are in reality made up of several 
component lines lying very close together. Sommerfeld {Ann. phyuk. 51 , 
125, 1916) has extended Bohr’s theory so as to account for this pheno¬ 
menon. To do this' it is necessary, in the first place, to leplace the 
circular orbits by elliptical orbit* Since the energy of an electron 
depends only on the magnitude of the major axis of its 01 hit, it follows 
that in the passage of an electron from ohe elliptic oibit to another the 
spectral line emitted—the frequeue) of whit h depends upon the change 
of energy in terms of the elation: lm = \\\ — \\\,—is the same, 
whatsoever the eccentricity of the orbits. That is, the same spectral 
line is emitted in several different ways. 

This would be strictly true if the mass of the election lemained 
constant. But on the classical electromagnetic theory it is known that 
the mass of an electron varies with its speed, meieasing as the speed 
increases. If we therefore take account of the variation in the mass of 
the electron resulting from change in speed we conclude that the spectral 
lines corresponding to orbits of different eccentricity, i.e. diffeient speeds, 
do not coincide exactly. We would expect, therefore, that a broad line 
instead of a narrow one would be produced, but the bioad line would be 
structureless. If, however, the eccentiiciries can be quantised, as 
Sommerfeld assumes, it would follow that the observed line would con¬ 
sist of a number of distinct components. Sommerfeld’s treatment is 
given m more detail in Appendix IV. 

We are now m a position to give a physical interpretation of 
Tlanck’s constant h. Consider captation (1). tf we denote the angular 
momentum of an election rotating lound a nucleus by M, it follows that 

T 

for a circular orbit 7rM — — whole m is the fiequemy of revolution and 

<0 

T the kinetic energ) of the electron. Tor a circular orbit we further 
have T = W, as we have already seen. Hence— 

M = tM„ 

when M„ --- hj2 tt — 1-04 x 


If we assume therefore that the orbit of the electron in the stationary 
state is circular we can say: the angular momentum of the clot Iron 
lound the nucleus in any one of the stationary states of the system is 
equal to an entire multiple of a universal value M () or hjzir, independent 
of the charge on the nucleus. The possible important e of the angular 
momentum in relation to Planck’s theory has also been emphasised by 
Nicholson. 

The angular momentum of a particle of mass m travelling with a 
velocity v cms. per sec. round a circular path of radius a is given by 
mva. Taking this as applying to an electron rotating in a eiicular 
orbit round a nucleus in the most stable configuiation of the atom {i.e. 
the electron in the innermost possible orbit) the expression of Bohr 
requires that the angular momentum shall be kj2ir. Hence— 




1 h 

v — - t- 

a 2‘wm 
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We can only observe a great number of different stationary states by 
investigating emission and absorption of radiation. In most of the 
other physical phenomena we deal with atoms in a single state, the state 
which corresponds to low temperatures. From these considerations we 
are led to the assumption that the permanent state is the one among 
the stationary states during the formation of which (from free electron 
and nucleus) the greatest ambunt of energy is emitted. According to 
equation (3) this state corresponds to t = 1 . 

As regards the process of absorption of radiation, the existence of 
Kirchhoffs law {viz. that a body absorbs radiation of the same wave¬ 
length as it emits), naturally suggests that the same mechanism is to be 
attributed to absorption as to emission, absorption taking place when 
an electron passes from an inner orbit to an outer. 

bohr’s theory is likewise in agreement with Einstein’s expression 
for the photo-electric effect, viz. T — hv - W, where T is the kinetic 
energy of the electron ejected under the influence of light of frequency 
v, and W is the total amount of energy which would be emitted during 
the act of binding a free electron to the nucleus of the atom {cf. 
following chapter). 

Let us consider somewhat further the permanent state or most 
stable configuration of the system which consists of a nucleus with a 
single attendant electron moving in a ciicular 01 bit, i.e. the hydrogen 
atom. As regards the stability of this system, two problems arise. 
First as regards the stability of the electron in the plane of the ring or 
circular orbit, and secondly as regards the stability with respect to dis¬ 
placements perpendicular to the plane of the ring. Nicholson has shown 
that the question of stability is very different in the two cases. While 
the ring for the latter displacement (displacement perpendicular to the 
ring) is in general stable, the ring is in no case stable for displacements 
in the plane of the ring. This conclusion is based upon classical 
electrodynamics, and Bohr avoids the difficulty by making use of special 
quantum restrictions. In fact he shows that, ( a ) the stability of the 
orbit or ring round which the electron travels is secured through the 
condition of the univeisal constancy of the angular momentum ///2 it of 
the electron, together with (/>) the fuither condition that the total con¬ 
figuration is that in the formation of which—from a free electron and a 
nucleus—the amount of energy W emitted, is a maximum ; in other 
words, the stable configuration possesses the least energy. That this 
assumption leads to the condition for stability may be shown as follows. 

Consider an electron rotating round a nucleus and let us assume that 
the system is in dynamical equilibrium, the radius of the ring being a 0 , 
the velocity of the electron being 7; 0 , the kinetic energy being T 0 and the 
potential energy of the entire system being P 0 . Next consider a con¬ 
figuration of the system in which the electron, under the influence of 
extraneous forces, rotates with the same angular momentum round the 
nucleus in a ring of radius a where a — a a 0 , a being greater than unity. 

Yst this case we have P = 1 P 0 (thjs follows from the definition of 



ATOMIC STRUCTURE OF ELEMENTS 


127 


potential energy which is given by ; - eEja) ; also on account of the 
constancy of angular momentum it follows that v = ^ (compare equu- 

tt 

I 

tion 5), and T = .,T 0 , for T involves the square of v and therefore the 

a" 

square of u. It follows then that, 

P + T = ip, + '.T„- (I’n + T„) + T. (1 - 


a 


We see that the total energy (P + T) of the new configuration is greater 
than the (P„ + T„) of the original configuration. The system in its 
original configuration is therefore stable for the displacement considered, 
for the original configuration corresponds to a maximum value of W, 
as defined previously, i.e. a minimum value for (P + T). it may be 
repeated that the condition of stability which we have just been con¬ 
sidering refers to possible displacements of the electron in the plane of 
the ring. 

When the election in the hydrogen atom is rotating in its most stable 
(innermost possible) orbit it is usual to speak of the election as moving 
in a 1 quantum orbit. On the elementary theoiy expressed by 
equation (3) the “ quantum number ” r serves to define the number of 
the orbit. As we shall see later the orbit has really to be defined by 
two quantum numbers denoted by Bohr by the symbols n and k in the 
form n k . For the stable hydrogen atom n = 1 and h — 1, so that 
strictly the orbit is designated as a orbit. An alternative nomenclat¬ 
ure is (// + n) and n. This will be employed later. 


Probable Atomic Structure of the Elements on the Basis of Bohr's 

Later Theory. 

Having considered the hydrogen atom system in some detail, we 
now turn to the next member in the periodic table, namely helium. 

The neutral helium atom consists of a nucleus carrying a positive 
charge of magnitude 2 e, with two attendant electrons. We have already 
pointed out that the binding of a single election to the free helium 
nucleus so as to produce a helium atom carrying one positive charge 
(i.e. a helium atom wanting an electron) can be very satisfactorily 
accounted for (in respect of emission spectra) by means of equation (3), 
c. the system IIc+ is closely analogous to the hydrogen atom, the 
single electron rotating in a circular orbit around the doubly charged 
nucleus. It follows from equation (3) that for IIe+ in its most stable 
configuration the radius of the orbit is one half that of the orbit of the 
electron in the hydrogen atom, and W is four times that for the hydrogen 
atom, i.e. the single electron is held with exceedingly great tenacity. 

Let us compare this with the case of the neutral He atom. If the 
two electrons were in the same ring—u 1, orbit—Bohr shows that the 
ionisation potential of the neutrai atom would be 28'8 volts, whereat 
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the observed value is close to 25 volts. For this reason alone it is 
necessary to reject the idea of the two electrons being in the same orbit. 
To obtain more precise information Bohr approaches the problem of 
the helium atom (as well as other atoms) from the point of view of the 
act of binding the last electron (in , the case of helium the second 
electron) to the positively charged system represented by the nucleus 
and the electrons already thcjre (in the case of helium (lie -1 ') only one 
such electron is already tkeie). Information about this act ol binding 
is afforded by an examination of the spark spectium of helium. (The 
significance of arc and spark spectra respectively will be considered 
later.) 

Bohr finally concludes that 1 “in the normal state of the helium 
atom the two electrons must be assumed to move in equivalent i, orbits. 
As a first appioximation these mas be descnbed as two eir< ulat orbits, 
whose planes make an angle of 120’with om another, in agreement 
with the (omlitions which the angulai momentum of an atom according 
to the quantum theory must satisfy On an ount of the mleiaction 
between the two elections these planes at the same tune turn slowly 
round the fixed impulse axis of the atom . .1 ” Some of the fore¬ 
going statements mu it a somewhat fill lei exposition 

It will be obseivcd that we have so fa 1 dealt with the cases of 
hydiogen and helium in then normal stable foim fiom the point of view 
of (initial mbits Theie is di finite ev idem 1, however, in laxoui of the 
on tiriem e of illiptH mbits 111 the atom as well as tin circular orbits 
oiiginallv envisaged by Bohr. Thus the woik of Sommeifcid and 
olheis has demonstrated that loi the simple two-bod) problems furnished 
by atomic- livdrogen and ionised helium that themoiegenei.il premise 
of elliptic (and distuibed elliptic) motion of the electron is necessary to 
account tor the observed fine structure of the individual “lines" of 
spectra and the resolving effects of electric- and magnetic fields on 
individual lines (if. Appendix IV.). Since on/ r on< ebetron 1,1/1 t>icuf>v 
any one elliptu the possibility, of the formation oj state! co-planar 

rtng\ (iontauung more than one ihJron) nvolving about a nianin must 
be abandoned. 

In the application of quantum punciplcs to elliptic orbits, two 
quantum numbers, which we- may denote by n and n' replace the 
single- quantum niimbei r hitherto used to define the stationary state of 
the s\stem.- 'File fust of these, n, still dtjims the constant angular 
momentum of the a\\tron , and is teime'd the azimuthal t/uantum number. 
The second, n\ is introduced as a consequence of the variation of the 

1 Quotation from Bohr's Theory of Sfct tui anil Atomti Constitution. 

3 It may he noted that use* is here made of the pm tiul quantum numbers n and 
»' rathei than the total quantum numbers used by Bohr in his later papers. The 
paiti.d quantum numbers are specially suited to a description of the piocess of 
quantisation tor elliptic motion (</. Appendix IV.) and any subsequent alteration in 
the nomenclature might lead to confusion. The total quantum number n of Bohr 
corresponds to e>ur pi + «'), Bohr's azimuthal quantum number k being our n, so that 
pee stationary state which we denote above by (« + ;*’)« corresponds to Bohr’s 
m* ojjnt. | * *' 
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radius vector in any particular elliptic orbit, and is termed the radial 
quantum number . Not only is the angular momentum of the system 
quantised (as it was in the sunplei case of circular orbits) but so also 
is the eccentricity of the ellipse , so that the possible stationary orbits 
arc limited to certain very definite foinis. The total energy of the 
undisturbed system, nucleus-elation, in a stationary state defined 
by the integers ", // is * 

irime'Yr 

= # ' //"("+"') 

This expulsion foi the energy is equivalent to that pieviously deduced 
(equation 1) if n !• //' be equaled lor .There is this essential diffcienee, 
however, that wlu-ie.is thcie is only one circular nihil possible foi a 
given value of the total eneigy - \V, a variety of elliptic- orbits is available, 
all oi which aie distinguished by the same value of the total energy, 

< 01 u spending to the numbei of ways in which integial positive values 




can be ascribed to the quantum numbers n and ri, then sum remaining 
constant. fig 11 illustrates the diifereiit stationary orbits of the 
• •lection, cnciilai and clhplu, foi the cases t --- u + //' - 2 and 

t -- n + n - } A convenient method of distinguishing the- diffi-ient 
orbits is thcie employed. The ti mbit c orn spends to n [■ n' - 3, 

// ~ 1 . the 2j orbit tee // + /i 2, n ~ 2, etc. 

The II ., hue in.o' be generated by transition of the elation born 
am of the tiicular or elliptic oibits tj, ,T or to either the iiieular or 
elliptic orbit 2, or a, Obviously, however, the- individuality ot these 
orbits cannot be- piedic ted from an examination of the spectral line, 
unless there be some influence at work, eithei intrinsic- to the system 
itself and ignmed in the mathematical analysis leading up to equation (()), 
or as a result of external forces, which will exert a specific action on 
each orbit separately, so that the resulting spectral line will suffer a 
displacement depending in amount on the actual initial and final odut.x 
of the emitting electron. As alreadv mentioned, such influences are 
found in the relativistic variation of the mass of the election with its 
velocity, and also when the atomic system under observation is placed 
in a magnetic* or eleetnc field (c/. Appendix IV.). m 

vol. 111. 9 * 
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A more detailed examination of spectral phenomena combined with 
recent attempts to correlate the older and newer physics of radiation 
processes has led to certain very definite, if semi-empirical, principles 
which define the intrinsic probabilities of the various electronic transi¬ 
tions within the atom, and fix the intensity and state of polarisation of the 
radiation emitted in such transitions. The most comprehensive of these 
later developments is contained in Bohr’s Principle of Correspondence. 

In his earlier papers, Bohr has drawn attention to the fact that 
whilst for small values of r there exist*, no simple relation between the 
frequency of a line of the Balmer series and the periodicity of the 
electron’s motion in either of the stationary states involved, yet in the 
limit when the electron is very far removed from the nucleus and its 
frequency of revolution is relatively small, the frequency of the radia¬ 
tion emitted in a transition to a neighbouring orbit is identical with the 
frequency of revolution of the electron or w'ilh an harmonic of this 
frequency. This is what we should expect on the basis of classical 
electron theory, and there therefoie exists in the limit a correspondence 
between the frequent y relations of the classical and quantum methods 
of attack. Bohr now asserts that this same correspondence also ob¬ 
tains for stub properties of the radiation as its intensity and state of 
polarization—properties which have hitherto been left untouched in 
the development of the quantum theory, but which in terms of classical 
eleetTod)namies are vcry definitely determined by the mode of motion 
of the electron, '['lie consequences of this far-reaching geneialisation 
or its confirmation in particular cases cannot be given here (if Ap¬ 
pendices IV. and V.) Jt will be sufficient to state that it has been 
applied with remarkable success by Bohi and Kramers to the quantum 
treatment of the Stark and Zeeman effects, where it predicts without 
ambiguity the particular emission lines which should be observed, their 
state' of polarisation, and (qualitatively at least) their relative intensities. 

'The dynamic models of Bohr and Sommerfeld have been evolved 
to inteipret the general features of the line spectra of hydrogen and 
ionised helium; the principle of Correspondence has confirmed and 
extended the agreement between these* models and observation. Bohr 
has now attempted, by analysis of other optical spectra in teims of the 
general principles which these simplest cases demand, to elucidate the 
atomic structures of the more complex elements and correlate these 
structures with their physical and chemical properties. 

Bohr assumes that the normal atom of any element may be regarded 
as formed by the successive capture and binding of the elections one by 
one to the system, each electron occupying that orbit which is most 
stable with respect to the nucleus and the electrons previously bound. 
Two types of spectra are known which furnish information regarding the 
stages of the binding process. For the first of these—the arc spectrum 
—the frequencies of the lines admit of approximate representation in 
terms of a formula of the type— 


= R 


A 


\(" + 


n 


-4 a n f (m + m + a m ) 


■) 


( 7 ) 
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where R is the Rydberg constant of the hydrogen spectrum, and a n , a m 
are constants characteristic of the element under consideration. The 
formal resemblance between this and the hydrogen spectrum indicates that 
arc spectra correspond to the binding of an t h\ tron to a system whose 
effective positive charge is roughly th it of the electron itself—that is, the 
binding of the last electron to form the neutral atom. On the other hand, 
the frequencies of the lines of many spark spectra are approximately 
expressed b\ — 


IF f _:_1 _ _ \ 

l(" + n + b n 'f (m + m + 


where the constant R' is just four times tire Rydberg constant. By 
analogy with the spectrum of ionised Indium it follows that the spark spectrum 
of an element represents the various stages in the capture of the e.eetron last 
but one in the formation of thneutral atom. 

The arc spectrum of atomic hydrogen affords evidence of the mode 
by which a single election is bound to the nucleus, and tin* most stable 
orbit of which we have spectroscopic evidence, namely the circular i, 
orbit, corresponds to the* normal strut ture of this two-body system. 
Similarly, the final state of the elet tron in ionised helium (Ilc'l ) is also 
motion in a circular i t orbit. Whilst no spectroscopic data are available 
which illustrate the formation of doubly ehaiged lithium (LH 1), trebly 
charged beryllium, etc., the conclusion is obvious that the pioeess of the 
binding of the first electron in any atom will result in a r x orbit of the 
electron round the nucleus. 

Further, the binding of the second electron to the singly charged 
helium atom, results, as we'have seen, in a set ond 1, orbit. As already 
mentioned tlie two orbits are roughly circular (not accurately so on 
account of the mutual action of the electrons) and their planes make an 
angle of approximately 1 20° with each other. A provisional calculation 
by Bohr and Kramers of the ionisation potential of this model of the 
helium atom indicates a value in much better agieemeiit with experi¬ 
ment than that computed on the basis of the original electron ling model 
of Bohr. 

As a natural consequence we may regard the binding of the first two 
electrons to any nucleus to occur in a manner an i/ogous to that obtaining 
in the neutral helium atom , so that in singly ionised lithium (J,H), 
doubly ionised beryllium, etc., both electrons occupy orbits. 

The steps in the capture of a third electron by ionised lithium are 
illustrated by the- arc spectrum of this element. From a consideration 
of this spectrum, the possibility of the third electron occupying a 1 ] 
orbit on equal terms with the electrons previously bound is definitely 
excluded. On the other hand, the arc spectrum and also the selc< tive 
absorption spectrum of lithium indicate that the firmness of binding of 
the third electron in its normal state would correspond to motion in a 
2 X orbit. The exact form of this orbit is unknown, but it will obviously 
approximate to an ellipse, part of which approaches the nucleus to about 
1 the same extent as the circular or Bits of*thc first two electrons. The 

4 9 * 
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withdrawal of the electron from the neighbourhood of the internal 
structure during a part of its revolution (due to the pionounced 
eccentricity of the orbit) may be < ornpared with the readiness with 
wlmh lithium parts with this, the valency, electron to form the positive 
ion. In Bohr's own words: “ AVe "obtain, therefore, a picture of the 
formation and stiU( ture of the lithium atom which offers a natural ex¬ 
planation of the great differem« of the ehemual properties of lithium 
from those of helium and hydrogen. The difference is at once explained 
by the fact that the fnmness by which* the last raptured electron in its 
21 mbit in the lithium atom is only about a thud of that with which the 
electron in the hydrogen atom is held, and almost five times smaller 
than the firmness of the binding of the ele< Irons in the helium atom.” 

The binding of the first tluee electrons in suit ceding elements will 
follow the same plan as in the formation of the lithium atom. In the 
rase of bci\llmm, hoion, and eaihon we possess no definite spe< tro- 
seopi< data from which the noiinul oibils of the fomth, fifth and sixth 
elections may be picdictcd, but on geneial grounds it is very probable 
that the additional i let lions will also move in 2 ( lo< 1 These orbits will 
be aiiangcd spatially sy mmei i leally witli iesp ( (t to out another, and to 
the paths of the inner pair of ele< turns in carbon, with its \aleney 
elr clions urianged m four 2 J orbits we have' a stria line ulrnh exhibits 
exceptional letiahedr.il symmetiv. That this symmetiv and ( onscepicnt 
stability of internal stun tine may be pieserved it is ms essary to assume 
that the additional elections of the sin < ceding elements aie not bound 
in 21 dibits, but in 2, (roughh circular) orbits. The resulting stuutuie 
of the inert gas neon—two citations in i] mbits, four elections m 2 r 
mbits and foui m 2, orbits -will be exceptionally stable, and is con¬ 
sidered by Bohi to lepiesent the configuration of the first ten elections 
in all the succeeding elements. 

Entering the second shop senes of the periodic table, the fund 
election to he bound in the formation of the ncutial sodium atom will 
not occupy a 2., mbit, since the symmetry of the neon-like substructure 
would thereby he destroyed, but this electron will piobably move in a 
3, orbit, distinguished by pronounced elliptic lty and corresponding to 
the maiked electropositive character of the atom. The further electron 
captured m the formation of magnesium will occupy a similar orbit. 
Direct evidence of the existence of this as the normal state is found in 
the arc spectrum of magnesium. The structure of the aluminium atom 
is uncertain, as the available spectroscopic data would seem to indicate 
that the election last captured occupies a 3., orbit. This is, however, in 
conflict with the general sy nthetic scheme which has been developed, 
and certainly the chemical properties of silicon would demand a tetra¬ 
hedral eonfiguiatum m this atom in terms of t )1 orbits analogous to that 
of'earbon. In the case of aigon with its 18 electrons in all it would be 
expected that the configuration should correspond to an arrangement in 
which the ten innermost electrons move in orbits of the same type as in 
, the neon atom, while the last eight electrons will form a configuration of 
Ion. 3, mbits and four 3,, orhtts, whose symmetrical project ties must be 
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regarded as closely corresponding to tin* configuration of -’-quanta orbits 
in the neon atom. 

After argon we have the .element potassium, the liist ol the tourth 
period, possessing 19 electrons in all. As potassium is sharply dis¬ 
tinguished from argon in chemical* properties and closely resembles the 
first members (sodium and lithium) of the two pievious periods it is 
necessary to assume that the iqth electron is bound in a new tvjre of 
orbit which according to Fohr is a 4 i 01 bit. At this point, ho\\e\cr, a 
new consideration arises. “With increasing nucleai charge and the 
consequent decrease in the difference between the fields ol four msidc 
and outside the region ol the orbits of the first iS bound elections, 
the dimensions of those juris of a (necessarily very cot enlnc) .p mbit 
which lull outside will ajipioach more and moie to the dimensions of a 
4-quanta oibit calculated on the assumjHion that the inteiuction 
between the electrons in the- atom may be negl< clod. // //// nn reusing 
atomic number a point null therefore be reached where a p. orbit null 
lorrespond to a firmer binding of the u.)/h e/cttron than a j ( orbit. . . . 
'I his < unnoi onk be antic ijiated from a simjile calculation but is <011- 
fiimed m a striking way fiom an examination of the senes sju-ctra. 
While the speetium of potassium indicates that the 4 1 orbit coriesjionds 
to a binding which is more than twice as firm as 111 a 3 . 01 bit qone- 
sjionding to the lust sjiectial term in the 1) series), the conditions aie 
entuely dilfcient as soon as calcium is leached . . . ('ompaimg the' 
change in the rc lative firmness m the binding ol the ugh election (as 
infened Irom a compurison of arc and sjiaik spectra) 111 a 4, and 3., 
orbit tor potassium and calcium we see that we must be prepared 
aheady lor the next element, scandium, to find that the 3- orbit will 
conespoiul to a stionger binding of this electron than a 4, orbit . . . 
Lf we j>roc eed to the follow mg elenv nts, a still larger number of 3., cubits 
will o< cur in the normal state of these atoms, since the numbei oi such 
electron cubits will depend ujion the firmness of their binding coinpuicd 
to the fnmness with which an electron is bound m a .j[ orbit, in which 
tyjic of orbit at least the last cajitured electron in the atom may be 
assumed to move. Wc thereloie meet conditions w hit h are essentially 
different from those which we have conside red in connection with the* 
previous periods, so that here wc* have to do with the sucteswe develop¬ 
ment of one of the inner groups of electrons in the atom, in this case with 
groups of electrons in 3-quanta cubits. Only when the development of 
this grouj) has been conflicted may we expert to find once* more a 
corresponding change in the properties of the elements with inc reasing 
atomic number such as we find in the jircoedmg jreiiods. The properties 
of the elements in the latter part of the fourth pound show immediately 
that the grouj) when comjileted will possess 18 electrons. Thus in 
krypton, tor example, we may exjrect besides the groujrs of 1-, 2- 'and 

3- quanta orbits a markedly symmetrical configuration of 8 electrons in 

4- quanta orbits consisting of 4 electrons in 4* orbits and 4 electrons in 

4 2 oibits.’ 1 ^ „ 

For a closer consideration of tT\e prclbable way in which the gradual 
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formation of the group of electrons having 3-quanta mbits takes place 
the leader is rein red to Ilohr’s The Theory of Spettra an./ Atomic 
Constitution , wherein reasons ale given.foi expecting 1H t leetrons 
in all in the 3-quantu group when this group is completed, the comple¬ 
tion of this gioup (which is fust reaped in the case of c opper, atomic 
number 29) corresponding to 6 elc< irons in the 3, mbit, 6 elections 
in the 3 2 orbit, and 0 ele< trrtns in the 3 ;t mbit. Further, Rohr gives 
reasons lor expecting that such a completed 3-quuntu group lannot 
occur as the outermost group in the < a si* of a ueutial atom, but only in 
positively i barged ions, i.e. the < upious ion ('u • . Fvidcnce for this 
is afforded by the simple natuie of the spec tium wlm h is 1 losely analo¬ 
gous to that ol the sodium ion (whine the outeimost gioup is a completed 
2-quanla group), the simplmly of a spectrum being associated with the 
degiee ol symmetn of the structure liom which it originates lioln 
next jnoeeeds let emphasise the impoitance (tor atomic stiuetun.) ol the 
phenomena ol t he magnetic propel 11» s and the colom exhibited by the 
atoms and 10ns of certain membcis of the fouith petiod. For this and 
furlhei infoimation the readei is again lefcired to 1 Join's book. Jn 
general it may be said that the attempts to fix the stun luie ol the 
elements of the remaining peiiods follows along lines similar to those 
ahead) outlined. 

In the loiegoing table is gi\en Uohi’s suiniiian ol the piobable 
stiuelure of the atoms of the elements in so far as it is possible to as-ign 
iistiueliiK lit the pieseiit lime (1923) The table is taken fiom lJolu’s 
article in 1 Y/iture , Vol. 112, 29, 11)23. 

Apait from X-ray and ladioactne phenomena practically all the 
physical and cliemic al piopeitics of the elements must he go\erned In 
the dibits of the last bound electrons m the atom. The ickilion be¬ 
tween the degree of ec c enti u il\ of the orbits of the \alcne\ elections 
and the elcctm-positnc natuie of the atom has ahead\ been mentioned. 
On the otliei hand, lor elements ol a jmmounced elec tio-mgatne t) pe 
the last bound elections mo\e in put tieall) eneular cubits which do 
not exteiul bejond pieMousI) bound gioups, and the) ha\« theieloie no 
teiulein) to pait from the stiuctuie. Rather is theie a tendency in 
these cases lor the atom to pick up additional 1 lections and thus 
apprinnh out <'J the stable group structures chatiu feristn of the i/o > t gases. 

Junally reference may be made to what is called the precession op an 
orbit. The diagrammatic representation of Fig. it does not illustrate 
this behaviour. Jn the ease of an atom containing a considerable 
number of elections, sa\ the potassium atom, the* electron orbits which 
are characterised b\ gnat ecc entneit) [i.e. those in which the principal 
quantum number (// + n) difleis considerable, from the olhei («), as 
ill a 4, 01 cubit) will penetrate partly into the inner region ahead) 
“occupied"!)) the eaihei bound electrons. " because of this ciicum- 
slance the orbits will dexiate % cry gieatly fiom a simple Kepler motion, 
since the) will consist of a s'tries of successive outer loops that ha\e the 
same foim but each of which is turned through an appreciable angle 
rc'latiye to the preceding one." 1 The* orbits in Ihg. 11 show m effect 
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only one such loop for each case, i.c. each individual orbit of the tv pc 
named is to he taken ,is lepcatmg itself in s[)ai e in a stale-' ol positions 
which differ successively fioi.11 one anothei. This is temied pn 1 csmoii. 

The Structure oj the Molecule and the A'a/ure of the dunum! Fond 

in terms of Bohr's m I'heorw 

So far we lui\e dealt with the structure of individual atoms Irom the 
point of view of Bohr. The ne\t problem would obviously be that of 
the molecule, of which the simplest ty pe is the diatomu molecule, e.g, 
H , Knowledge regarding the conditions of stabiht) of such a slructuie 
is purliculaily important hom the chemical standpoint, since all < liemi- 
eal le.ntions involve eithei the make 01 bleak of a bond between pairs 
of atoms. Unfortunately, howevei, lloln lias not as \et lonsideied in 
any detail the question of the stability of e\en the simplest molc< ule. 
All that can be said at present is that undoubtedly quantum consideia- 
tions, 1 e stationaiy states enter heie, although it is not (leai whethei the 
treatment In means c>f two quantum numbeis will be found to be 
adequate. The complexity of the pioblem aiises fiom the (act that at 
least two nuclei opeiate on the mode of motion of the\alem y electrons, 
and, further, the motions of the nuclei themselves may be of importame. 

Kven in the ease- of molecular as di-tinct fiom atomn strucluies, 
however, emission spectra alfoid some mfoi mation. Thus, whilst senes 
speitia, such as the Buhner lines, oiigmate in the sepaiate atoms, hand 
spectra, on tin- other hand, are due to molecules, e.y. the baud spectrum 
of hydrogen. The fact that band spectra are so rich m lines is due to 
the complexity of the motion entailed by the vibrations of the atomic 
nuclei relative to each other and the rotations of the molecule as a 
whole. On tI k basis of general H0I11 concepts it is concluded that the 
lines which constitute each band in a band spectium arc- due to transi¬ 
tions between stationaiy states which differ as legaids lolational motion. 
(Absorption band spectra of gases from the standpoint ol stationaiy 
slates are consideicd m a latei section of this chaptci.) 

We have long been familiar with two types of chemical bond 01 
union, namely that lepiescnted by the union of two caibon atoms in a 
saturated aliphatic molecule, and that repiesented by the- union of 
sodium and chlorine m the sodium chloride molecule. In the- lattei it 
is practically ceitam that we are dealing with bound ions, an election 
having passed from the sodium atom to the chlorine with the result that 
tile force of attraction holding the molecule together is electiostatic. 
Such a link is known as polar, and the valency involved electrovakncy . 
In the erase of the typical oigunic molecule, howevei—and indeed 111 
the case of the hydrogen molecule itself—-there is no evidence of elec¬ 
tronic transfer, the link is termed non-polar and is due to two elec items 
—one belonging to each atom—acting together 111 some mannci. Such 
a bond is termed by Langmuir covalent. The importance of this type 
of link m chemical compounds, especially organic compounds, meiits^ 
some furthe* consideration. The*following brief statement is virtually 
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a quotation from a paper by N. V. Sidgwick [Trans. Faraday Soi., “Dis¬ 
cussion on the Electronic Theory of Valency,” 1^23) in which Bohr’s 
theory of atomic structure is taken as the basis 

In connection with the covalent link, Sidgwick makes the assumption 
that the orbit of each shared electron includes both of the attached 
nuclei. This assumption has been found by Nicholson to be the only 
one which will account for the spectrum of molecular hydrogen ; and it 
has also been put forward by N. P. Campbell [Xature, April, 1923) 
as an extension of Bohr’s theory to rfon-polar linkages. Each orbit 
may be pit lured as an ellipse with the nuclei at the foci, or more prob¬ 
ably as a figure of 8 with a nucleus at the (entre of each loop (Kig. 12). 

Eat h of the two covalent elec¬ 
tions has its own distinct binu- 
clcar orbit, possibly at right angles 
to one another, and, further, 
owing to mutual action each of 
the 01 hits undergoes slow rota¬ 
tion. 

There aie two obvious 
Fk,. 12. differences between such binu- 

elear mbits and the simple 
orbits of Bohr. The first is that the presence of a second nucleus 
in the mbit makes precession of the orbit impossible, unless indeed 
the same orbit successively includes several nuclei. The second is 
that all the electrons shared by any one atom have to pass through 
their perinuclea in due succ ession, and henc e their periods must agree ; 
moreover, in a chain of atoms the peiiods of all the bmuclear orbits must 
be the same or must differ rationally. 1 

It is an essential part of Bohr’s theory that the valency electrons 
(with which we aie concerned) pass veiy near the nucleus in the corn so 
of then motion, and that the powerful fences whic h tome into play lieie 
are essential to the stability of the atom. Thus an mbit which surrounds 
and comes close to both of the two nuclei will form part of the constitu¬ 
tion of both. 

'This theory explains why the groups‘attached, say to a carbon atom, 
retain their 1 dative positions, in spite of the fact that each of the electrons 
holding them goes lound the carbon nucleus ; and these positions may 
be expected to have the tetrahedral symmetry which Bohr finds in the 4 
orbits of an electron sub-group. 

It also satisfies the condition of permitting the free rotation of singly 
linked carbon atoms. Singly linked carbon atoms are free to arrange 
themselves in the most stable configuration round the line joining them, 

1 As regards the concept of a bmuclear orbit Sidgwick {privatt communication) 
pointS out that “ the Bohr theory cannot at present decide either for 01 against 
this suggestion. The absence of precession makes it impossible to describe such 
orbits in terms of the n and k quantum numbers. Until more light has been throw n 
on the nature of the ‘ non-mechanical stress ’ which Bohr has recently found to exist 
Vet ween different orbits of the same atom^ we do not know how *nich truth the 
hypothesis of bmuclear orbits contains.” 
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so that a compound of the formula ITXC - ('ILX can onl\ occur in 
one form. As the single link is maintained for a gnat pail ol the time 
only by the attraction on the.nuclei of a single election, it ^ ca^) to see 
that such rotation must be possible. 

It is further ceitain that with‘two doubly linked caibrni atoms this 
freedom no longer exists ; and that the compound a/A' — Cab can exist 
in two forms, which only go over into one anothei under the ordinary 
conditions of chemical change. The relation between the groups at¬ 
tached to two such atoms is tin* same as if these atoms weie pait of a 
closed ring. In every way the double link appeals as the limiting case 
of a ring reduced to its lowest terms. The tendency to rupture increases 
as the ring grows smaller, but the position of the altni he el groups ie- 
mains the same as long as the ring or double link peisists. The con¬ 
ception of binuclear orbits is incomplete agreement with these farts. A 
carbon atom united to two othcis lias two binuclear 01 bits < onneetmg it 
to each, and these are normally inclined at the angle of 109" 28'. If 
these three atoms are joined up into a ring of less than 5 atoms, the 
orbits must be distorted from their normal positions, exactly as Baeyer 
assumed. This means that the two pairs of orbits, since their positions 
near each nucleus still lend to be inclined at the original angle, must 
become curved, and the more so the smaller the ring. Tinally, in the 
doubly linked atoms, this curvatuie leaches a maximum, the orbits 
diverging as they leave one nucleus, and converging as they appioach 
the other: this form being favoured b) the mutual icpulsion of the 
electrons, of which, as theie ate four altogether, at least two must at any 
time be 111 the region between the two nuclei. Two effects will thus be 
pioduccd : first, the distortion of the orbits will diminish the stability of 
the linkage, and in pioportion to the degree of distortion, which gives 
us a physical basis for the Bae>er strain tlieoiy with its liter develop¬ 
ments : and secondly, since the attachment of the two nuclei is main¬ 
tained not by one electron pair but by two, and those somewhat remote, 
there will obviously be a restraint on the rotation of the atoms round the 
line joining them. 

In fact this (oneeplion of the* n.itine of the noil-polar link gives us 
piecisely what the cheniKal facts leipiite—the idea of directed valencies, 
of a strain consequent on their deflection, and of the double link as the 
limiting case of a carbon ring. 

Sidgwick has also extended the above mode of tieatment to the case 
of co-ordinated compounds (cf Trans. Chem. Soc 123 , 725 (1923).) 

High frequency Spectra of the Elements. Moseley's Relation. 

By the high frequency spectrum is meant the X-ray spectrum which 
is obtained from a substance by bombarding the substance with [i- rays. - 
It has been pointed out in Vol. I., Chap. II., that the investigation of the 
structure of crystals by means of their X-ray spectra affords a means of 
determining^with precision the wave-length of any homogeneous X-ray 
employed. X-rays only differ frofh liglft in possessing very much shorter 
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wave-lengths (of tin- older io~ w cm.). The substance to be used as a 
source of X-iays forms the anticathode in a \aeuum tube, and the beam 
of X-rays emitted as a result of bombardment by the cathode rays is 
characteristic of the substance forming the anticathode. In general 
the X-rays thus excited are not homogeneous. They consist oi two 
or more wave-lengths which can be analysed and measuied by means 
of the crystal acting as a grating. As a tule, howevei, one frequency 
is niciie prominent than the others, that is, the intensity of the result¬ 
ing spectrum is gieatest for one type, aful lor the sake of simplicity we 
shall consider these single frequencies as ehui.ic tenstie of the X-iays 
emanating fiom the substance- examined. When the anticathode is 
of nickel, the < haiaetcristic wave-length of the X-iay pioduccd is 
no x io _ s cm. It follows, there foie, that a single quantum hv of 
tins type contains energy in amount 1 7<S x 10 s etgs. It is of m- 
teiest to c ompaie this quantity willi the eneigy of the electron ol the 
cathode* stieam which gave rise- to the X-ray. Wluddington {IVoi. 
Cam/'. Phil. S<n , upo) has shown that an elec tion of the cathode 
stieam will not c\e ite X-ray lachation unless its velocity exceeds a 
certain critical value, wlmh varies with the- nalim of the* material 
composing the anticathode. If the latter be* of nickel the limiting 
veloc lty ol the election striking it is 6*17 x 10" c in', per set., or about 
one-fifth of the speed of light. Taking the mass of the election to be 
o - q x io - -' 1 giam, the kinetic energy of the election possessing the 
limiting speed is 1 7 x io — ^ erg, a quantitv which isveiy neaily the 

same as the* energy in a single quantum of the X-iay pmduc’ed. 

Furthei, the- investigation ol the reverse.' pioce-s, /.< the emission ol an 
election by means of X-iavs, has shown that the kinetic c nergy ol the 
election is apptovimately equal to that of the' cathode rav which 
excited the X-iay in the fust instance'. As Ibagg nmaiks, ‘‘we are 

justified in assuming that these processes are actual examples of the 

give-and-take of ladiant energy with which I’lanek’'- hvpothesis is eon- 
cemed ” 

Whicklmgtoii has also found that the limiting velocity of an election 
just neeessaiv to exc ite an \ lay fiom a particulai element is proportional 
to the atomic weight of the element. Now we have seen that the 
frequency r of the X-iay is projiortional to the kinetic' eneigy of the 
electron piodueiug the- ray. lienee the frequency of the X-ray is pro¬ 
portional to the squaie of the velocity of the electron and theiefore to 
the squaie of the atomic weight. This serves as a useful guide in the 
choice of a substance for the anticathode which will produce an X-ray 
of a given kind. 

In 1013 van den lfroek (/V/v.wXw/. Zatsih., 14 , 32) suggested, that in 
eompaimg elements with one anothei. the atomic' number, that is, 
number which repiesc nts the position of the element in the periodic 
table is a far more fundamental quantity than the atomic weight itself. 
As a mattei of fact the atomic number of an element is approximately 
one-half of the atomic weight, so that any quantity proportional to 
the- atomic weight is likewise piOpoitidnal to the atomic number 
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'I'he connection between the nature of an element and the frequency 
of the X-ray piodueed from it has been s\stematiealh studied by 

Moseley (Phi/. Alag., [ vi.], 2 ( 3 , 1024; ibid., 27 , 7 o} (1 9 14)). ()n plotting 

the square root of the maximum frequency of the X-rav produced fmm 
a gi\en element against the atomic number of the element, Ibi a whole 
series of elements, Moseley found that a simple lineal lelation connected 
the two (juantities. This was true both for the k and L tv pcs of X-iu\s, 
types which diffei from one another in intensity, the K t\pe being pro¬ 
duced fiom a “hard” bulb (Jiigh vacuum), the L tvpe being pro- 
duced from a “soft” bulb. Moseley’s work extended hv de Broglie 
(Compter Rendu\, 165 , ^>7, 35^, 11117) proves that then- exist but ninety- 
two elements, fiom the lightest, hydrogen, to the heaviest, mutuum, and 
that these* arc built up one fiom the other by the successive addition of 
one and the same electrical element to the nut letis. ]n othei words, the 
atomic numhei is not simply an oidinul but possesses an a« trial pin sic al 
significance. The Rutheiioid atom-model, aheady discussed, suggests 
what this sigmlic anc e :s 

The measurements of Rutlieifoul and Geiger showed that tin magni¬ 
tude* of the positive charge on the nucleus was Nc when < is identical 
with the. magnitude of the ehaige on an election, and N is a number 
approximately one-half the atomic weight. N is, in fact, a number 
identical with the atomic number It is probable that the elements 
differ fiom one another m the magnitude of the nuclear charge, and it is 
reasonable to suppose that successive elements in a table of elements vary 
by the amount con the nuclear charge. Regarding the nuclear e barge of 
hydrogen atom as c itself, the succeeding elements will possess 2<**, y, and 
so on, or in other words, the at omit number indicates the magnitude of 
the nuclear charge. If this be so, the various relations found between 
atomic* number and other quantities selves to relate these quantities to 
the magnitude of the nuclear charge. The simplest fmm of Bohr’s 
relation, already discussed, between the frequency of emitted radiation 
and the line lear charge E - Nc involves the square of the latter. In 

other words, the square root of the frequency emitted is proportional to 

10 itself. Boln’s lelation, in fact, is capable of predicting the character¬ 
istic X-ray radiation from an clement of high atomic weight with con¬ 
siderable exactness. 

Millikan (Phys. Rev Aug., 1917) has pointed out several important 
conclusions which may be drawn from Moseley’s law. 

Thus, let us consider any two elements of atomic number Nj and N.,, 
with nuclear charges and E 2 , and suppose that r, and »*, are the 

highest frequencies of the K or hard series of X-rays emitted by the 

elements in question. Then, accoulmg to Moseley’s law — 

= E, A, Ej- NY 

Ye, JO, A, JO.,**- N.,“ 

where Aj and A^ arc the wave-lengths corresponding to the frequencies 
i', and i\,. Let us now compare the elements tungsten and hjdrogen. 
The wave-Tength Am of the shortest * X-ray emitted by tungsien is - 
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o'i85 x io —8 cm. The atomic number of tungsten is 74. For 
hydrogen the atomic number is 1. Using the above relationship we 
find that the shortest X-ray which could be emitted by the hydrogen 
atom is A, = 1 o 1 W'/'U The head of the ultra-violet series of hydrogen 
lines recently discovered by Lyman .is at yi-2/i/t. In view of the fact 
that Moseley’s relation, as stated above, is not absolutely exact, the 
agreement between these two results may be regaided as satisfactory. 
It is fairly certain, therefore, that the Lyman series of emission lines of 
hydrogen ending in the extreme ultra-violet is simply the K or hard 
series of the hydrogen X-ray spectrum. That is, in the case of hydrogen 
(owing to the small nuclear charge) the X-rays are situated in a region 
which may be termed ultra-violet. Further, it seems a just inference 
from similar considerations that the ordinary series of lines in the visible v 
and near ultia-violet (i.r. the Balmer series of emission lines of 
hydrogen) with its head at A -- 365/x^ is simply the T- series of X-rays 
of this element. Likewise the series of lines in the infra-ted region of 
the hydrogen spectrum, discovered by l’aschcn, may be identified with 
the M series of X-rays, lor the M series represents X-rays even softer 
(i.r. of longer wave-length) than the L senes. (Fvidenee for the e xist¬ 
ence of the M series has leeently been obtained by eleetiomc bombard¬ 
ment of a few of the elements of high atomic numbei.) 

This similanty in behaviour of all elements as icgards X-ray emission 
indicates similarity in structure in their innermost portions. An important 
conclusion legarding the innermost ring has been pointed out by 
Millikan, namely, that the radius of this ring is inversely pioportional 
to the nueleai charge or atomic number. To show how this result is 
obtained it is necessary to re\ert to the Bohr theory of emission of 
radiation. 

On the earlier theory of Bohr (namely that in which circular orbits 
were postulated), the frequency v emitted is given by— 

2 ir"mc“K~ l 1 1 \ 

V “ /r' W " V 

To at count foi the shortest X-ray frequency of the K seiies it is 
neecssaiy to set t . : ~ 1 and r, — 00 . Whence— 

.) *» i;n 

2-ir-me-rs 


Now the frequency of orbital motion u> has its maximum value when the 
electron is in the fust orbit. For this case t = 1 and the expression 
already deduced (<J. equation (3) of this chaptei) for u> becomes— 


a) 


4 7r-/«f'“L- 

/i J ' 


Whence r K ,uj - A, i.r. the observed highest frequency of radiation 
emitted is propoitional to the highest orbital frequency of the electron, 
' die proportionality factor being Uie saiue foi difieient elements. 
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Let us now consider an electron in an orbit of radius a. The force 
of attraction exerted on the electron by the nucleus is E e ; a'. If the 
electron has a mass m and t an orbital frequency <» the equilibrium 
condition is given by— 

Kf 

= (2iro>)~m . tl. 

1l“ 


Hence for any two different elements we have- 

oij- 

tor 1C N.,r? 

where N, and N„ are the atomic numbers of the elements. If we now 
regard and a., as inferring to the innermost orbit of each element and 
consequently ascribe maximum values to <u ( and it follows, from the 
relation just obtained, that— 

">i ^ »'i 


wheiei'i .ind i\, are the highest fiequencies which the elements can emit. 
From Moseley’s law we ha\e— 


Hence 

or 


•'l „ 

V 

N\ 2 


r, 

Iv/ J 

: N/ 



‘1 

w l“ = 

0 

= ‘h 

Nf 4 

N 2 rt, 3 


i’.r 

NV 


N, 



a. 

" n.; 




/>. the radius of the innermost ring is inversely proportional to the 
nuclear charge or atomic number. 

Further, Moseley has found that the L series of X-rays progress by 
steps just as do the K series for different elements, the frequencies of 
the L series being about one-eighth as great as those of the K series. 
This shows that if there- is an innermost electronic orbit there must like¬ 
wise be a second orbit in all elements, the radius of which is given by a 
relation of the form, o>,*/o» 2 -' =» N 1 a i , a /N. J a 1 :t , to be about 8 ~ /:i or four times 
as great as that of the first orbit. 

Again it has been found experimentally that the following relation 
■s true— 

Vk0 = V Ka = V La . 

According to Bohr the longest wave-length line of the K series, that is 
the a line, is due to the electron passing from orbit 2 to orbit i, the 
change in energy being \V 2 — W,. The next longest wave-length line, 
the fi line, is due to the passage from orbit 3 to orbit 1 with a change in 
energy W 3 - \Y,, and so on. The longest wave-length line of the L 
series, namely the a line of that series, is due to passage of the electron 
from orbit $ to orbit 2 with a change, in energy of W a - W 2 ; the fi 
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line of this series being produced by passage from orbit 4 to orbit 2 and 
so on. Hence if the frequency is in all cases due solely to the change 
in energy it follows that— 



U\ 

w, 

= I'k 

whence 

W’, 

- ^ 

., ft 

— V, 



- \v„ 

= '\ft ■ 

If ul 


- w;, 
«/ 

=■- I'm- 

Then-foil 

Vift 

- eh,. 



The fact that this relationship holds is stiong evidence in favour of 
Moln’s mows regarding the souice and magnitude of the frequency of 
radiation emitted in gtneral. 

damn tcristn Infra-red laet/Ui n< r and Atomn Number. 

An mtciesling 1 clatKinship has 1 m < n pointed out hv Allen (f'roi. 
Rax. Sue., A, 94. 100 (11)17)) bt tween the atomn number and the infla¬ 
ted frequency whn h accounts appio\imatel\ foi the atomic heat of the 
element W ilting N foi the atomn rmmbei and 1 lot the hequemy of 
a given < lenient, Allens iclationslnp is— 

Nr - f/y A 

wheie // is an integer called the frequency numbei, and r A is a funda¬ 
ment.il constant the same foi all elements The mean value for j> is 
21’3 x 1 o'■. The following table illustiates the above lelation. The 
experimental values ol r foi the vanous elements (obtained from atomic 
heat measuiements of Ncrnst, (mlfitlis, and Keesom-Onnes) have 
been multiplied by the atonm numbei N .— 
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Ag . . 

•17 

It) 

X 

dl ‘1 

X<* 

X 

afi 


0 

X 

21'1 

Cd . 

4S 


- 


s 

X 

21 -i 



X 

21 1 

Ug . 

So 

s 

V 

Jto *2 


— 

- 


S 

% 

20 ■ 1 

l’li . 

. S'.! 

7 

X 

'» > • > 

7 

X 

--‘5 

xrfi 





The above udaiionslup is empnical and its full sigmfn anee has not 
yet been deteimined. It may be pointed out, however, that Jfrll7 has 
shown the chaiacteristic infia-red frequency v of the elements to be a 
peiiodie function of the atomic weight, and therefore of the atomic 
number. Since r A is a constant it follows that n must likewise varv in 
a periodic mannei with the atomic weight or number. T|us is not the 
saint thing, however, as explaining life significance of//. 
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Infra-red Absorption SpeGra of Gases. 

lii Chapter IV. an ,u count has been given of tlu- lit fra-red absoiplion 
bands exhibited by past's, these bands being attributed 1)) Bjerrum to 
molecular icitations. Into Bjcmim’s tieatnient considerations which aie 
characteristic of Bohr’s concepts do not enter. In view of the success 
vvluc h has atteiuled Bohr’s treatment of electronic motion in atomic struc¬ 
tures it is instiuetive to see to what results similar eonsideiutions lead 
when applied to the rotations ot molecules. 

The fundamental idea which emeiges from Bohi’s work is that the 
com ept of (juantisation is not to be applied to energy—as was done in the 
earlier stages of the quantum theory—but essentially to angular mono //turn. 
(Note that we are here only making use of Bohi’s carliei concept ; 
quantisation of eccentucity is not consideied.) This is exptessed by 
writ! mi — 

Angulai momentum of a particle m the will orbit = 

Considering the case of rotation of a molecule with a fixed moment 
of inertia, J, the angular momentum is given by L,>, when- «>> is the 
angulai velocity. The angular velo< tty <u is 270" whole v is the fiequency 
of lotation Since we have assumed the moment of inertia to be con¬ 
stant it tollows that the diffeient stationary states aie not repiesented by 
oibits of different radius but simply by different speeds of rotation m one 
and the same orbit Applying the idea that angular momentum is 
capable of quantisation, that is, takes on discrete values, we can say that 
the angulai momentum of rotation can be written as 1,2,3 or ' n gcneial 
/// time-, a constant, this constant being h;2 tt. Heme for the guieial 
Case u( wiiti 1 — 

I 2 7ti* ni/l12 rr 

or v - nib q7 

Jt is evident that ]■ can take on a series of values according to the 
value asc ribed to m. It is essenti.d, however, to observe that in accord¬ 
ant e with Bohr’s theory—and here we depart entirely from Bjerrum’s 
original treatment—the term v does not give the frequency of a rotational 
hand observable by speettoscopu means, for v is the frequency of rota¬ 
tion in a given stationary state, i.e. a non-radiating, non-absorbing state. 
Whilst therefoie the above expression for v may be true, it is not the 
one which must be sought m Older to account lor bands, if Bohi’s con¬ 
cept be applicable. The necessary mode of procedure is given below, 
the above considerations have been introduced with the purpose of in¬ 
dicating the distinction which must be drawn between the frequency 
of lotation in a steady state and the frequency of radiation emitted or 
absoihed as a result of the system changing from one stationarv state to 
another. It is the latter condition which has now to be considered. 

The energy of rotation of a molecule is given in general by . I 
wheie uj is the angular veloc ity. W e have already assumed that for the 
iwth stationary state 

I<i) = •»i/i,2r. . ' 

VOL. 111. 
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Hence the energy of rotation may 


in* VYUllL'Il its- 


W„, - 


Following Bohr’s concept of the derivation of the frequencies ab¬ 
sorbed or radiated by the molecule ay due to the: absoiption or emission 
of quanta in the discontinuous change ftom one stationary state to 
another, it will be s< eti that fdr the change Irom the (m - i )th rotational 
state to the wilt lotational state of the mole< ult*, the energy absorbed is 


given by— 


or 


^'(m — I. m) ~ ^ m ^ tji - 1 


2W - I 


Jr_ 

47 T L 'J 


Similaily, for the change from the with to the »> + ith state, 

. 2m + i h- 

” v m, «e! l “ ' . "i 

2 47 T-L 

Hence the diffeience in the consecutive frequencies r vli m \ j and v m _ j m 
(these freijuencies being observable spcctioscopxv.il)) is given by 
///47r‘“l, a quantity indepauh nt of the value of m. It is evident then foie 
that the rotational absorption spectrum of a gas should consist ol a series 
of frequencies 1 in arithmetic piogression, their values bung given b) — 

h t,/i 5 // (2m - \)/i 

SttH’ Stt-I’ Sir 2 !- ' ' ' 877-1 ' 


The rotational speetium predicted on the above basis differs fiom that 
originally suggested by Bjerrum, whose method leads to the series— 

h 2 h 3 // 

■it* ipi> o7, etc. 

477-I 477-I 477*1 

on the basis that absorption 01 emission of a particular frequency is due 
to the molecule in one particular state and not a change from one state 
to another. 

It will be observed that both series give the same value to the differ¬ 
ence between any two consecutive frequencies. Actually the data avail¬ 
able in connection with the far infra-red bands which have been observed 
< directly by Rubens and indirectly by Sleator {if Chapter IV.) for the 
case ol water vapour baiely permit of choosing between the two series. 
The following table contains the bands to be expected on the Bohr 
method of treating rotations along with those given by bjerrum. On 
the whole, Bjerrum’s values show better agreement with the experimental 
observations. 

As pointed out in Chapter IV., bjerrum found that a constant fre- 

1 In Appendix VI, reasons are given which would lead us to .expect that in 
**" general the first member of the series, would be 3/1 /Sir- 1 lather than Vz/ Stt-I. 
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quency difference of 1-73 x jo 1 - charaeteiised the water Kinds. This 
frequency difference (which is equivalent to a wave-length of 173-4/1) is 
given by // : A* 2 l. On the Hnhr basis the first * hand (/.<■. longest wave¬ 
length) is given by /if 8 ** 1 , that is the longest wave-length is 173-4 x 2 
or 346-8/1. The second band characterised In 3// 8irT is theiefoie in 
wave-lengths 346-8/3 or 115-6/1. The third hand characterised by 
5//;8 ttT is therefore 346*8/5 or Cny^fi, the fourth band being 346-8/7 or 
46 '0/1, and so on. Each of these bands corresponds to si tting m equal 
to 1, 2, 3, 4, etc., in the series formula given above. 

Infra-UK!) Hands or Watkr Vapour. 


e length, 
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The numbeis m brackets in tin- fourth column denote the; values of 
m, the coiresponding numbers m the final column denoting the values 
oi //, n lii'in^ the symbol employed in Bjemim's lotational expression in 
Chaplei IV. It is evident from a comparison of the results obtained 
b)' tile two distinct methods of treating infra-red absorption spectra that 
much lemains to be done before a satisfactory nin hanisrn of the pheno¬ 
menon is foithcommg. 

As pointed out in Chapter 1 \'., in Bjerrum’s niigmal trt'atmenl of the 
complex nature of the Atari infra-red bund there is no satisfactory reason 
given for the absent e of the central frequency due to vibration itself as 
well as foi llie absence of a contiguous sub-band on the shoiter wave 
side of the centie. The absence of the ctntial fietiuency may be antici¬ 
pated on the basis of a certain assumption if the behaviour of the mole¬ 
cule be regarded from the point of view of Bohr’s theory of stationary 
states, as applied to the valuations of the atoms as well .is to the rota¬ 
tions of the molecule. 

Let us denote by n the //ill stationary state of alomw vibration, by 
m the ///til stationary state of lotation of the molecule. Ihe molecule 

has then lotational eneigv, W,„ = , . m l , and vibrational energy 

<S7r“l 

nhv v wheie i- ( , denotes \ dilation fic<|uency. 

L01 the change from the state represented by (n, in ) to the state 
(//', in') let us assume that one quantum of energy denoted by //»'"; n m , i i 
absorbed. 'J'lus cjuantity 1 epresents the increase in energy in passing from 
the fust state to the second. In other words, can In equated to 

the difference in tile energy contents of the two stales. That is, 


In 


/;, // 
in in' 


//r r (// - //) + ^ 7r q( w * m ‘) 


n n' 

r 

III, Ml 


!■,(// - //) + 



»n 


Similarly for the change from the state represented by, say, (//. ///) to the 
state- (//', 111 - 1), if one quantum of energy h I'JI,'",!, be absorbed, it 
follows that, 


y r (n" - ti) - - (ill - 1 )-) 


or 


>r, i 


— y,(n" - ii) - 

11 1 * / 


2 in 


1 h 
' 47 T-I 


. (a) 


Also, foi the change fiom the state (//', m - 1) to the state (//", ///) we 
hav e, 


n\ n' 

1 

i» 1 - 1, 111 


- !',(//" - //') + 



h 

47T-I 


(*) 


In equations (a) and (/>) the symbols are employed in the sense that 
1 11" represents a state of greater vibrational energy than does //', i.e. 
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energy is absorbed in passing from n to n". Similarly the wth rotational 
state contains more energy than the (w - i)th state. It will be observed 
that whilst radiation is being- absorbed by the change m vibrational state 
from >i to n", the rotational eneigy state ma\ eithei inciease ot diminish. 
Hence when \ibratum and rotation aie compounded we should find 
sub-bands on both sides of a centtul position. In other wools, the 
ahove expressions for v re[)resent a senes of pairs of absorption sub¬ 
bands on either side of the hypothetical < entral frequency -- //'), 

the distance between two consbcutive sub-bands on eithei side being 
Ac — h'.\ir~l = constant, The hypothetical central fre<|tienc\ v v (n" - n') 
is due to atomic vibration unaccompanied hv molecular lotation, and since 
this band is not observed experimentally we may coni hide that a c hange 
in thi‘ frequency of \ dilution (/. e. a change fiom one vibiational state to 
another which on Hohr’s basis is necessary to originate a \ibralional band) 
is not possible without a simultaneous change m the rotation of tin- mole¬ 
cule as a whole. This is very different fiom saving that then- aie no 
mtationless molec ules in the system. Then* piolubly aie su< h picsent. 
All that the above conclusion reijuiies (to explain the absence of the 
central fiei|Uetic\ in the- short infra-red) is that mtationless molts ules 
aie t 011 lpletel\ analogous to molecules w hit h aie totaling /// a teitain 
state. So long as a given mtational state is maintaimd it is appaiently 
impossible foi a change in a vibrational state to take place. If move- 
m nt fiom one v ibiattonul state to .mother is pieveiited there will be no 
evidence, of a spectroscopic kind, for vibrational energy. 'I'he above 
treatment is due essentially to Kratzer (Zeifu/i. I'hysik , 3, 2X9, i<)2o) 
whose work followed closely on that of Heurlinger (:h/d., 1 , Xu, 1920). 
Krat/ei’s theory is further considered in Appendix VI. 

Einstein's i’se of a Generalised Bohr Model to deduce the Radiation 

Law of riant k. 

{cf Kiivstein, Her. / >euts,h. fhvs. Ges. s 18 , g • X, iqifr, Ehysihal. Zn/sth., 

18, i2i, 1917.) 

The most unsalislactorv part of Planck’s treatment of the quantum 
theory (and this applies to both the first and .second humiliation) is the 
intioduction of classical electrodynamic relations into a process of analysis 
the essential featun- of which is the discarding of the fundamental basis 
from which these same relations arc deduced. 

In his fust formulation Planck c ombines the < oncept of discontinuous 
absorption and emission on tlu* part of an oscillator with the essentially 
classical 1 elation :— 

r - 87r, J i- 

CJ v — 3 1 'average 

In his second humiliation it is true that classical absorption of radia¬ 
tion is retained, but it is necessaiy, in order to arrive at the coirert 
radiation forgnula, to assume a very aibitraiy dependence of the proba¬ 
bility of disc ontinuoux emission by an oscillator on the density of radiant 
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energy surrounding it. It is difficult, however, to see how continuous 
absorption of energy by an oscillator according to the classical laws can 
take place without accompanying emission of radiation in the same sense. 
An harmonic oscillator is alternately retarded and accelerated in its path, 
and on classical views should both absorb and radiate continuously. 
Thus, it is obvious that the arguments used in either form of the quan¬ 
tum theory are not free from self-contradiction. 

Km this reason Einstein (lot. cit.) has attempted to obtain Planck’s 
relation for black body radiation without the necessity of specifying in 
any detailed manner the mechanism of the interaction between oscil¬ 
lators and radiation, i.e. without introducing classical laws into what 
must be essentially a quantum phenomenon. The method is as follows. 

The marked success of Bohr’s theory of spectra makes it appear 
likely that the fundamental basis of the quantum theory must be con¬ 
tained therein. Einstein therefore makes use of a generalised Bohr 
model in place of the linear oscillatoi used by IManck, as the mateiial 
particle or molecule whi< h is in equilibrium with like k body ludialion. 
The essential quantum feature of a Bohr model is its ability to assume 
onlv a clisdete sei ies of stable slates w ith definite eneigy contents. This 
is all we rcqune to know of the structure of the molecule 01 dm dlator 
in older to airive at a radiation expiession having the same genetal foim 
as that of PI.nick. 

Consider a gas composed of similai molecules and in equilibiium 
with tempeiaturc radiation. Each molecule is only capable of existing 
in a disci etc senes of slate's Z. t , etc., with energy contents K p Ej, 

E. t , etc. It lollow.s in the well-known manner from statistical treatment 
that the probability W n of the state Z n , or the relative nuinbei of mole¬ 
cules in the state Z n , is gi\en by :— 

W„ = AA..-./*' 

where the constant A, although it may not be independent of tempera¬ 
ture, is independent of the state //, /„ is a weight (gcwicht) factor char¬ 
acteristic of the slate of energy E„ and denotes the intrinsic probability 
of the state in question. I11 many cases all states of a molecule may be 
regarded as having the same intrinsic probability, namely unity, but this 
is not necessarily true for quantum systems in whit h the same energy 
content E„ may be made up in different ways (if Sommerfeld’s general¬ 
ised Bohr orbits). In the present case we shall take/ n as unity. 

"We shall now assume that a molecule can pass from the state Z„ to 
the state Z m b) absoiption of ladiation ( i.c. Z m > Z„), the radiation 
having a definite frequency v which may be more explicitly denoted by 
v n , m . Similaily the oscillator can pass from Z m to Z„ by emission of 
similar radiation. The corresponding energy converted is E w - E n . 
This will in general be possible for each combination of the two indices 
n and m. Statistical equilibrium will persist for each of these element¬ 
ary processes in order that temperature equilibrium may persist. We 
shall limit out selves to the elementary process belonging tq the definite 
pair of indices (//, m). 
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In the first place, a change of state from Z TO to Z n will occur with 
emission of energy E m - E n . Einstein considers that such an emission 
of energy by a molecule in the Z TO state will be spontaneous in character, 
and will follow the same statistical law as that which governs the disin¬ 
tegration of the radioactive bodies,the number of transitions from the 
state 7 m to the state Z n due to this effect may be written as equal to ;■— 

A " N„ 


where N m is the number of molecules in the state Z m , and A " is a con¬ 
stant specific to the combination of the states Z m ami and incle- 
pemlent of any external effects. 

A different law must regulate the processes called into existence by 
the effect of the external radiation. The process of absorption is brought 
about 11\ the radiation field m which the molecule lies, and is taken as 
proportional to the radiation density of that frequency wine h conesponds 
to the subsequent tiansition. The number of tiansitions per unit time 
of Z„ molecules into Z. m molecules is given by :— 


where N n is the ecjuihbrmm number of Z, n moh'cules, and 11 '" is a con¬ 
stant characteristic of the combination (//, m). However, under the 
influence of radiation, tw r o things may happen to a molecule. A X n 
molecule mav pass from the stale /„ to Z Uli by taking up energy ; this is 
“positive absorption,” just considered. Or, it may happen, as a lesult 
of the phase relation between the radiation field and the molecule, that 
the molecule /os, s energy through the action of the radiation , and by such 
“negative absoiption” a Z m molecule may pass to the state X n . The 
rate of this process will also be proportional to so that the number of 
Z m molecules which pass to the state Z n per unit time as a consequence 
of this negative absorption is :— 

u"N v 


where H" is another constant specific to the combination {m, u). 
As the condition for statistical equilibrium we have 


A "N T + 

in* in 1 


p «V 






On the other hand we have :— 


N. 

N. 
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Combining these two equations we obtain :— 


A" A 

ml 


m 


= u ! B’V <’*' m ■ 
“ I n / n 




In this ecjuation u v is the radiation densitv for that frequency v which is 
absorbed of emitted in the changes Z n -»Z W( car Z rrt —>Z„ resjiu tively. 
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Since u v increases without limit as T increases, it is necessary fin 
order to keep the whole right hand expression finite) that the quantity 
within the brat ket should become zero at very high \alues of T. Since 
under these conditions the exponential term becomes unity it follows 
that— , 



Further, (01 brevity let us write A," B “ --- It follows then that— 

( 

v, — Um n 

1 I _ 1 ‘ 

'This is the relation between radiation density and temperature given by 
the Planck equation. The constants o )(; „ and (K,„ - F^) could be 
directly determined if we were in possession of a modified electro¬ 
dynamics m the sense of the quantum theor\. However, „ and 
(!C, m - IC H ) cannot depend on the p.ulic ular n.ituu ol the molecule, but 
only on the ficqucmy r, since n,, is a unrrtrsa/ function of v and T. 

r ' 1 ' y \ 

By eompaiison with Wien’s displace limit law, rvo //,, ^ 

follows that a m n and (K„ ( - F„) must be propoition.il to the thud and 
the first poweis ol r uspeelivclv Accordingh we ran wiitc — 


where a and h are constants. It is noleworth\ that the laltei lesult is 
identical with the second fundamental hypothesis of Bohr’s theory of 
spectra. 


Parson* Magneton anJ iht S/nr lure ot the Atom 

llilhcito, in ilealing with the piobleni of atomic stria tun, we have 
legarded the electron as a minute discrete particle of electricity or 
matter, assumed to be spherical, and c'.ipable of movement “inside" 
the atom in certain mbits, the velocity of movement being lelativel) 
small compaied with the' velocitv of light. A new concept has been 
introduced, however, m connection with the election which must be 
very bnefl) discussed. Aceoidmg to this view the election itself is a 
tiny ring or annulus earning a negative charges The ung is re. guided 
as rotating continuous!) with a peripheral velocitv which is of the same 
ordet as that of light. This is equivalent to a eiieuit eurient, analogous 
to the Ampeie cinrents assumed to account fm magnetism, and conse¬ 
quently sue h a sliuctute possesses magnetic projierties Fm this reason, 
A. L. Parson, to whom tins concept of the electron is due* (Smithsonian 
Just. J’ufi., 65 , No l i, 1015), substitutes tile' woid inarm ton in place of 
election. 

The term magneton was first lnttodiued bv W eiss m iqii (if N. 

'Campbell's Modtrn Eh\ tm ai l'/h orv). On the basis of the election 
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theory of paramagnetism an expression has been deduced for the sus- 
(t'f'fil’ilily at cording to which this quantity should he ptopoition.il to 
M ;T, where M is the magnetic moment ol a molecule and T is the 
absolute temperature. Weiss obsetved that in the ease of magnetite 
over a certain lempeiuture range tin* curve connecting the susceptibility 
with the reciprocal of the temperalme was not a stiaight line through 
the ougin, as it should have been, but ^insisted of a series of lines 
separated by definite differences in the value of the susceptibility. 
This was ast ribed by Weiss to abrupt, discontinuous variations in the 
value of the molecular magnetic moment M, and Weiss further showed 
that the various obsened values were all e\en multiples of a (eitam 
quantity to which he gave the name the magneton. The magnitude 
(/.(■. the moment) of the magneton is the same as that which would be 
produced In a rotating electron revolving in an orbit of i.ulius 10^'' cm. 
with a frequency of io" pel second approximately. Weiss ol eouise 
kept to the classical concept of the election. 

In the case of Paison’x ring election or (in nit eunent the radius of 
the nng is estimated to be about 15 x 10"" cm., tli.il is a quantity 
smm what less than the accepted value for the diameter ol an atom. 
Paison’s lheor\ of atomic sti uclure based U|)on the magneton h\pothesis 
111.1v Ik summaiised as follows .— 

The positive ehaige in the neutral atom, which must be piescnt to 
balance the negative charges of the magnetons is regarded as a sphere 
of uniform positive electrification possessing a volume which is pro¬ 
portional to the mmibet of magnetons which it contains. Thai is, the 
distribution of the positive charge is once more treated as in the 
original theory of atomic stiuctuie fust advanced by Sii J. J. Thomson 
(<■/. I’hap 1 ., Vol. 1 ) This positive sphere is legarded as having the 
properties of an elastic solid and “ is sui rounded by an atmosphere or 
envelope of very low charge density which is also elastic”, (liven this 
distribution, Parson shows that a group of eight magnetons may lie 
arranged s\ minetiic ally round the sphere so as to give a stable configura¬ 
tion , and even with atoms possessing a larger numbei ol magnetons, 
a similar clMnbiiUnn ol eight is assumed Such an aii.mgemerit ob¬ 
viously recalls tin. Abcgg-Hodlandor theoiy of valency, according to 
which the natural numbei of valencies is eight, though all these are not 
effective as fat as another atom is concerned. To explain the existence 
of the long pet loch in the period classification as well as the properties 
of certain elements contained therein, it is necessary to assume a eeitain 
u hindrance ” to the formation of the normal number of eight magnetons. 

On the basis of these assumptions Parson disc asses the single mag¬ 
netic attiaetion between two such magnetons, the tendency to form the 
group of eight, the residual valency effect and the electrical polarisation 
set up by a magneton ol the above typo. On the basis of this atomic* 
struct 111 e Parson has made a rough calculation of the heat of dissocia¬ 
tion of lndrogen, obtaining the value 135,000 c als, per gram-molrc tile ; 
Langmuir's v.due being of the order 85,000 cals. 

One of the most obvious advantages of the Parson magneton is that 
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it affords a rational basis for the assumption made by Bohr, viz. that 
an electron rotating in a stable orbit does not radiate. A rotating 
electron—as hitherto envisaged—suffers an effective inward acceleration 
in rotating, and hence, on the basis of the classical electromagnetic 
theory, it should emit radiation continuously, its orbit becoming smaller 
until it falls into the centre of the atom. On the basis of the classical 
elec tromagnetic theory it is Also known that the greater the number of 
electrons rotating in a ring the less the radiation from the ring. The 
Parson ring magneton is equivalent to a continuous series of charges, 
and consequently such a ling, howsoever great its velocity, will not 
radiate at all. This carries out Bohr’s idea of the absence of radiation 
from ,m electron in an orbit. 

On the other hand, one of the most obvious disadvantages of Parson’s 
theory of atomic structure lies in tile assumption of a uniform positive 
sphere of elecliicity, foi on su< h a basis it is quite impossible to account 
for the large angle scattering of a rays observed b) Rutherlord. The 
point is theielbre whether we can retain the advantage of the ling 
electron or magneton and at the same time get rid of the hypothesis of 
the positive sphere, by substituting for it the nucleus idea of Rutheiford. 
The difficulty, as alieudy pointed out, consists m the fa< t that an atom 
consisting of a nucleus surrounded bv an atmosphere of magnetons 
would be an unstable system The problem has been disvussed in a 
preliminary manner b) 1 ). L. Webster (J. Amcr. Chan. Sor., 40 , .> 75 , 

I'rom what has been said it will lie obvious that the magneton 
theory ol atomic structure as developed by Parson is still in a rudiment¬ 
ary stage. A critical review of this theory will be found in the {Prof. 
I /tvs. Soc. ( Lorn /.), 31, 49, i 919 ). 

The Lewis-Langmuir Atomic Model. 

Within recent years an atomic model has been suggested by (1. N. 
Lewis and later expanded in general scope and significance by 
1 . Langmuir. It has attracted considerable attention owing to the re¬ 
markable manner in which it summarises the essentially chemical 
properties of atoms and molecules, c.g. the periodicity of properties as a 
function of atomic weight or number, the model being in fact designed 
for this purpose. The Lew is-I.angmuir model is essentially a static one 
—in contradistinction to the model of Bohr—the electrons, when the 
atom is in a stable configuration, being fixed in certain positions 1 with 
respect to the nucleus. The concept of oibital motion is wholly want¬ 
ing in this model. On the othei hand, to account for emission and 
absorption speetia it is necessary to postulate that an electron can take 
up positions of equilibrium coriesponding to different radial distances 
from the nucleus. The development of this atomic model has involved 
essentially geometrical considerations. Lor this reason a detailed con¬ 
sideration of the nature and applicability of this atomic model does not 

l 

1 Oi wbratmg with very small amplitude through such positions. 
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properly fall within the scope of the present volume. Attention must 
be drawn, however, to a prcliniinar) attempt which has been made by 
Langmuir (Science, 53 , 290 (1921)) to deal with an cssentialh static 
atom (i.e. one m which revolution of the electrons aiound the mu lens is 
excluded), from the point of view of quantum considetalions, for it is 
obvious that however successful an atomic model mav be m predicting 
chemical propel ties it cannot be regarded‘as a satisfacloi\ solution of 
the problem of atomic structure and stability until it can be shown to 
possess a mechanic.d basis. Langmuir’s treatment is as lollows:— 

It is assumed, in the first place, that Coulomb’s law holds for the 
attraction between the nucleus and an election. To account for the 
filet that the electrons do not fall into the nucleus it is ne< essary to 
assume some repulsive force. On Kohl’s theory the lequisite repulsive 
fou e is the centufugal force due to rotation of the electrons about the 
muleus. In the case of a static atom this is not possible ll is 
necessary to postulate some law of repulshe force between an eleition 
and the positive nucleus whii h will piodiue an died equivalent to the 
cintiifugal ion i' of Bohr’s thcoiy. 

On Bohr’s thcoiy, as already pointed out, the a\n rage kmetu eneigy 
of the electrons in an atom is one half as gicat as the average potential 
eneigv, but opposite in sign. Langmuir assumes that “this 1 ncigy, 
wlm h Jiohi called kinetic, is anothei form of potential energy, dependent 
upon certain quantum changes in the electron. From this potential 
energy it is then easj to determine the law of repulsive foice.” 

As a result of his analysis Langmuir concludes that the foice between 
a nucleus of chaige Ze and an election of charge e is made up of two 
parts which act independently. The first is the attraction given by— 


F 


c 


Zf* 

r' L 


(0 


where r is the distance between nucleus and electron. 

The second force, called the quantum force is a repulsion F 5 givt n 


by— 


F„ 


i (oh f 
mr i \2ir 


( 2 ) 


where m is the mass of the electron and n is an integer denoting the 
quantum state of the electron. 

To give a physical meaning to the quantum state of an electron it is 
necessarj to regard n as differing fundamentally from the symbols em¬ 
ployed in Bohr’s treatment. Langmuir (Brit. Assoc. Report , 1921, 
p. 47S) makes the distinction in the following woids. “ Bohr speaks of 
a uniquantic or diquantic orbit of an electron, but seems to consider 
that the electron itself does not change in passing from one orbit to 
another. Is it not more logical to think of the orbit as resulting from 
the pioperties of the elei tron and to consider that quantum changes 
occuriing in radiation cause discontinuous changes in the stria ture of 
the electron?” . , “If we are to have a mechanism at all it appears 
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logical to look for it within the electron itself, even if this docs load us 
at first to unpleasant complications in out conception of the electron.” 
In other wools, the electron itself, on Langmuii's view, has to be 
quantised. 1 

Jt will he observed that equatioi'i (2) is ver) similar to the law of re¬ 
pulsion between monatomic—or “thermalh monatomic "—gas molecules 
as dedu< ed by Nernst when the: gas is m the dcgiaded state ( cj. Chap. 
IV.;, Neirist's expression being— 

k = ‘ kl 

O ( 

mr 47r 


where, however, m is the mass ol the 1 molecule 

It is noteworth\ that the repulsive force as given b) equation (2) is 
independent of the nuclear and electronic charge's. “It is to be noted 
especially that an electron wine h has not undeignne am cjuantum c hange-, 
and for which therefore* >1 ~ o, follows Coulomb’s law act mutely. Thus 
presumably ji rays in passing llnough an atom will be ac ted on onb by 
the usual law.” A flee election, it'. flee with inspect to the nucleus, is 
one (or which // o. 

By equating the lore es of attraction and repulsion it follows that an 
electron will be in an cqmlibi mm position when it is at a distance a 
bom the nucleus defined b\— 



where 1 <i 0 is given b)~- 


a, 


h- 

47 t-hiA 


(4) 


This result (equations (3) and (4)) is identical with that foi the melius 
eif the cubit on Bolus llieoi), but, of course, the law e>f fotee wusehosen 
to give this result. It will be' observed that a varies with the value of 
i.r. there are a number of equilibrium positions possible to the election. 

If \V be' the total emerge of the atom with sign reversed, then \V is 
the weak icejuiied to lemove the election to an infinite distunee, so that 
w e cun w 1 ite— 
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( 5 ) 

where 


W„ = 2-jr-mA fr 

( 6 ) 


1 An alternative treatment, leading to I.angmuir's equation | j), which doe’s not, 
hcwvevt’t, involve such revolutionary uicas as regards snucture ot the ".lection, is dis¬ 
cussed latei in connection with the \\ hittaUer l.wmg model. 
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(\V„ lcprescnls tlio energy required to dissociate compk tel\ an atomic 
system consisting initially of a nucleus turning cluige + < and an 
electron in the first equilibrium position.) The first tei m on the light 
hand side of equation (5) represents the Coulomb potential, the second 
the quantum potential. • 

When an electron has settled down into its equilibrium position the 
value of W, as follows from equations (3) ahd (5), becomes- 


\V 
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I 

jr 

2rVZ’| 
/t'tr ' 


1 


(7) 


which is identical with the result obtained by B0I11 for the total energy 
in any stationary state. 

Lt we now consider the slntt of an electron fiom a position where 
the quantum stale of the electron is // to a position wheie it is //„ we 
have — 


W»„ - \V„ 


27 t” me '/' 
//* 


- \) • 


• (») 


which, if equated to hv, guvs the Balm r senes and a value fot the 
Rydberg const,mt ulenti< ul with that gi\en by the Bohr theory. 
u According to the present theor), if the (jiiantum number of an electron 
in a stable position decreases bv one unit, the electron is no longci 
stable, but fills towaids its new position of equilibrium and oscillates 
about this position, lt then radiates its energy of oscillation [equivalent 
to hv j according to the usual laws of’ elei trodynumies.” J 

Returning to the expression for the quantum force, namely equation 
(2), it will be observed that it < ontuins the mass m of an electron and so 
foi a given value of >1 leads to a (onstant value of K whutevci the mass 
of the nucleus may be, It will be icealled that the Rydberg constant 
as analysed by Bohr is not reall) constant (and this (.onelusion is justified 
by experiment), in that in its exact form it contains the mass of the 


J If the electron be disturbed from its position of equilibrium it oscillates about 
this position, retaining its quantum state, say «, unchanged. The frequency ol this 
oscillation 00 is given, accoiding to Langmuir, by the expression— 

( a ) U- 

1PI1 ' 


this expression being identical with that obtained by Bohr for the frequency of revolu¬ 
tion of an electron in an orbit. 

(The above equation could be arrived at by assuming witn Bohr that VY ■ - w 

^■k-iuc'Z- 

and combining this with equation (7), vil. W - „ . It is difficult to see, 

however, the justification for setting VV = in the present case. The expression 

mav be deduce^, however, on the basis of the static atom involving the Whittaker 
model (c/. Allen, Pruc. Phvs. Hoc. (1922).) 
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nucleus M, the* teun m being replaced by ;;;M, (M + m). 
form of equation (2) is llierefoie— 


/ uh'y iVl + m 
\2irJ M mr A 


A more exact 


{ 2 a) 


This lesult, ;k cording to Langmuir, “ seems to indn ate that the quantum 
force is due to an interaction between the election and the nucleus in 
which both masses play a similar mle.” 

“ Sommerleld has accounted for'the fine line structure of spectral 
lines by considering a relativit) correction due to the rapid motion of 
tin* electron \cf Appendix IV. J. This would seem to be excellent proof 
that the electrons do move, llowexet, it is possible that the motion 
resides within the electron and nucleus.” 

In rejecting the Bohr concept of the revolving election and sub¬ 
stituting positions of stationary equilibrium it is evident that the Lewis- 
Langmuir atom avoids the chief difficulty pertaining to Bohr’s theory, 
namely, the postulate that an election when levolving in its orbit neither 
absorbs nor emits radiation, a postulate at variance with classical electro¬ 
magnetic theory which require emission or absorption of radiation fiom 
an accelerated electron (according as the acceleration is negative or 
positive) and movement in an 01 bit constitutes an aeeeleiatcd tvpe of 
motion. 

In equations (2) or (2 a) we have consideied the quantum foiee of 
repulsion between an electron and a nucleus. The next point to con¬ 
sider would be the quantum force between two electrons. According to 
Langmuii this may be either attraction or icpulsion, according to cir¬ 
cumstances, i.e. according as to whcthei the two elections .ire on the 
same side of the nucleus or on opposite sides. 


7 'he Whittaker-Ewing Magnetic Model of the Quantum AleJianism in 

the A torn. 

( Cf Whittaker, Prof. Roy. Soc ., Edin., 42 , 120 ; Ewing, ibid. , 143, 1 422.) 

The atomic structure here postulated is a system of magnets rigidly 
connected like the spokes of a wheel, having poles of the same name 
at thi* circumleience, the corresponding poles of contrary name being 
all at the centre. According to Whittaker, when a bombarding electron 
moving in the direction of the axis approaches such a wheel, it sets the 
wheel turning, the rotation of the poles constituting a “ magnetic 
curient V If the speed of the electron is too low it will be reflected 

1 Although the model here considered is magnetic it is essential to observe that 
the force contemplated as acting upon the moving electron is electrical in nature. 
As Whittaker points out; there are two kinds of force which are capable of acting 
on an electron, namely electric force and magnetic force, and we have to decide which 
of these two is operative in the present case. The decision is easy, since we know 
that motion through a field ol electric force affects the kinetic energy of an electron, 
while motion through a field of magnetic force deflects its direction of motion without 
altering its energy; and in our case the fate of the electron depends entirely on 
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back without loss of energy, i.e. the collision is elastic. If the speed 
exceeds a certain limit the electron is supposed to pass light thiough 
the atomic system and it escapes, but with a definite reduction of \elocity, 
depending on the amount of energy it has given up to the wheel. When 
the encounter is elastic the angular velocity which the wheel acquires 
during the approach of the electron is lost during the return of the 
electron. When the encounter is not elastic and the electron has passed 
through, the wheel is left with an angular velocity «»; and the uieigy 
which that represents is the source of the radiation emitted subsequently 
by the atomic system. The energy communicated to the system may 
be denoted by U, where— 


U - T‘W - , 

A 


M being the sum of the magnetic poles at the ciieumfeience, A the 
moment of inertia of the wheel, and <• tire eliatge on an electron. The 
angular momentum communicated to the wheel is— 

Ao» — 2 cM. 


The electron whose mass is m has its speed reduced from u to v 
which is such that— 

U ~ A >n(u ' 2 - 7 1 "). 

This is the quantum of energy which is related to the frequeney of the 
consequent radiations by the Planck equation— 

U - hr. 


It follows that the acquired angular momentum on the part of the wheel 
is given by—- 


A<» ~ 


h 


Kv 

tM’ 


and, since h is a constant of the dimensions of angular momentum, the 
frequency v is either equal to fM/A or is a numerical multiple of it. 
Also since c is constant— 

v cc M/A. 


The question now arises as ter how the rotational energy A Aw 2 , 
which is communicated to the wheel by the bombarding electron, is 
converted into an oscillatory form, so that the structure will be capable 
of emitting as radiation the energy which it took up primarily from 
the passage of the electron through it. Some picture must be formed 
of this process in order to make the model capable of explaining not 

whether it possesses enough kinetic energy to force its way through the field. The 
field must therefore be electric. A magnetic current such as that envisaged in the 
mpdel will possess an electric field which will tend to repel the electron, the motion 
of approach of yhich in the first instance brought the magnetic current and its electric 
field into being. 
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only absorption of energy from matter (electrons) but also capable of 
emitting and of absorbing radiation directly Ewing has therefore ex¬ 
tended Whittaker’s considerations to a somewhat more complex type 
of magnet model system, such as he had himself already employed. 
Ewing’s treatment is as follows : Ir, the first place, it is evident that 
Whittaker’s model as outlined 1 only goes as far as giving a steady 
motion in one direction to‘the wheel, whereas what is wanted is an 
oscillatory movement corresponding to the emission of a tram of waves. 
To make this possible Ewing envisages an atom as consisting of two 
parts. The central part, which has been called the wheel, is as described 
above. The second or outer part of the system likewise consists of 
magnets as shown in l'ig. 13. The outei system of magnets is called 
the ring (ABCD). Each part is taken as rigid but there is fieedom of 

illative motion in the plane of the figure 
except foi the control by magnetic tones 
between the two parts or systems. These 
ton es make the systems take up a position of 
equilibrium as sketched, because the outer 
poles of the wheel have the same name as 
the inner poles of the ring. When an elec- 
n turn passes through and escapes it gives an 

' impulse producing rela i\e angular displace- 

!>](,. ment between the two parts or s) stems The 

mutual magnetic fortes between wheel and 
ring tend to restore the whol to its original 1 onfiguration. Thus oscil¬ 
lations are set up whit h expend the r energy in the emitted radiation. 

It will be observed that on the basis of the above model the election 
gives angular momentum It) the atom at the expense of a part of its 
own linear momentum. Tins is an example theiefoie of the conveision 
of linear momentum into angulai. \\ hen an elect ion is emitted tiom 
an atom it must give an angular impulse to the atom which it haves. 
'This has a bearing on photo-electricity. We mav imagine the magnetic 
system of the atom to be thiown into oscillation by resonance as a 
result of the incidence of light of appropriate wave-length, and when 
the amplitude reaches a certain limit an electron is ejected. Jn being 
ejected it exerts an angular impulse which stops the oscillation and 
deprives the atom of the quantum of energy which has been absorbed 
through resonance. 

The Palmer Series and Rydberg Constant on the Basis of th Whittaker- 

Ewing model. 

This exceedingl) important aspect of the magnetic model has been 
investigated more paiticularly by H. S. Allen {Proc. Roy Soc Ed in., 
42, -M3, 19a 2 ; also Proc Phys Soc., 34, 198, 1 9 - - ) 

Considering the case of the magnetic wheel, radius a, rotating about 

‘Whittaker himself (loc. cit.) has extended his considerations,>to emission of 
radiation by introducing the concept of a HeiU oscillator. 
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its axis with an angular velocity \fi, it follows that the wheel sets up an 
electric field such that an electron (charge e, mass m) situated at a 
point on the axis at a distance x from the centre of the wheel is acted 
on by a force M+ a; 2 ) :1/a along the axis, where M has already 
been defined as the sum of the magnet poles (of one sign) in the wheel. 
Suppose that 4, has reached a limiting value w, i.e. the wheel possesses 
just one quantum of energy of a certain frequi ncy, and suppose that 
the electron is situated at a point sufficiently far fiom the wheel (distance 
r) that .v = r is large compared *to <1, then the fotce due to the wheel 
acting on the electron is Mcn-'m/r 1 . When the wheel is in the condition 
just referred to its angular momentum has attained a certain quantum 
value or state, given by— 

Am = acM =» nil! 2 tt. 


(This quantisation of angular momentum, as has ahead) been 
pointed out eailiei in this chapter, is the essence of the application of 
quantum considerations at all to atomic structure, and is common to all 
types of atomic structure that are physically possible.) 

Combining the two above expiessions and eliminating M il is found 
that the force exerted by the wheel on the election unthr the above 
conditions is— 


force = 


*> 

cr 

2Ar' 



This is the result obtained by Allen, who further points out that it is 
identical with the quantum force expression of Langmuir (cf eailier section 
of this chapter) fora position of equilibrium of an electron in a static atom, 
namel) — 



1 full'd 2, 

' \2ir) 


provided A {the moment of inertia op th J wheel) can be identified with [tna 
“This might be taken to indicate that the moment ol inertia of the 
magnetic wheel is the same as would be obtained by imagining a mass 
equal to that of an electron distributed uniformly over a circular disc of 
radius a. It must, however, be remembered that we are to regard the 
inertia of the magnetic structure as located in the electro-magnetic 
field.” 

The above considerations are of importance in that they afford a 
possible physical basis for Langmuir’s quantum force expression, which 
in turn allows of the Lewis-Langmuir atomic model being employed 
to obtain several of the most striking physical results (notably the 
Balmer series expression and the Rydberg constant), which hitherto had 
been obtained on the basis of Bohr’s model alone. 

It will be noted that it is implied in Allen’s treatment that the 
magnetic wheel is located in the nucleus of the atom. 

If it be permissible to regard the wheel as the true oscillator, in the 
sense of Planck’s third formulation of the quantum theory (cf Chap. II.), 
vol. ill. xr * 
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it would be necessary to assume that an electron in the atomic atmo¬ 
sphere possesses energy in virtue of having at some period in its existence 
passed through the nucleus and thus abstracted energy from it. 

Naturally the concept of a magnetic wheel consisting of a number 
of very small bar magnets is not intended to actually represent physical 
structure. Allen (loc. cii.) replaces it by two thin anchor rings, “repre¬ 
senting the magnetons either of McLaren or of 1’aison, placed near 
together with their planes parallel and hasing a common axis. To 
obtain the requited distribution of tluxlines of magnetic fotce the rings 
must be placed so that the magnetic foice between them is one of re¬ 
pulsion. Such an arrangement isecpmalent to a magnetic shell forming 
the curved surface of a cylinder having its edges coincident w r ith the tw'o 
rings It is of interest to consider what modifications are lequncd in 
Trof. Whittaker’s equations it we substitute such a magnetic shell for 
his magnetic wheel, if <f> denote the stiength of the shell and d the 
distance between the two lings, 1 linel that [in Whittaker’s equations] the 
quantity M must be' replaced 1>) zirfyd. If we prefei to think of two 
ring electrons with cuiients e u< ulutmg louncl them in opposite direc¬ 
tions, (]> is pioportional to the strength of the current in each ring ” 



CHAPTER VJ. 

% 

Physico-chemical change in heterogeneous s\ stems—Vapousation and sublimation 
— Fusion — Thermionics and contact potentials—Noinul ph 'to-elcctnc clTat 
--Selective photo-electric effect. 


Vaporisation and Soukimation. 


Wk have already scon (Vol. II) that thermod)iumics loads to a ic- 
lationship between the latent heat of vaporisation 01 sublimation and 
the pressure of the saturated vupoui, namely Clapeyron’s equation. 
This neeessanl) refers to equihbiium eonditions and gives us no informa¬ 
tion about the art of vaporisation itself. In the hitler < onneetion the 
most important quantity is the rate of vaporisation, wlmh may he 
defined as the mass of vapour vvlurh leaves unit area of the liquid in 
unit time. 

This quantity depends on a variety of conditions. These have been 
examined b) various investigators, e.y. II. Hertz [Ann, Physik , 17 , 177, 
1882); Stefan (//»., p. 550) ; Knudsen {lb., 47 , 697, 1915); Langmuir 
(/V/n. AV?’., 2 , 13 1, 1913) . lluiger [Proc. Acai . Wetenschap. Amsterdam , 
21, 193 7). Let us consider the case in which the vapour is saturated. 
It has aheady been pointed out (</ Vol. I., Chap. X.) that the Kite at 
which the vupoui molecules strike unit area of surface per second i.s 
given b\ .— 


m — 


I M 

\ 27 tRT 


X P 


(0 


where m is expiessed in grams of vapour, M the moleeulai weight of 
the vapour, R the gas constant per grammoleeule and /> the vapour 
pressure. If all the molecules, represented by m, condense, it lollows 
that equation (1) gives the rate of vaporisation required to maintain 
equilibrium. 

The question as to whether the molecules represented by m in 
equation (1) condense or are reflected has been examined by Knudsen 
[toe. cit .), by Langmuir (Vol. I., Chap. X.), and by Vohner and Ester- 
mann [Aeitsch . Physik, 7 , 1-12, 1921 ; Zeitsch. physihal. diem., 93 , 383, 
1921). For the case of mercury, Knudsen found that «, the fraction 
condensed, was 0-95 at 19-45 C„, and a = 1 at - 140'C. Volmer and 
Estermann have deteimined the values of a over the temperature range 
+ 59° to - 64" C., and have found that for the act of (ondensation on 
liquid mereuif u is unity, and consequently equation (1) is quantita¬ 
tively correct for this case. For solid nercury a = o 9. The ratio, 

163 V* 



164 A SYSTEM OF PHYSICAL CHEMISTRY 


a (solid)/a (liquid), has been determined for sulphur, phosphorus, and 
benzophenone, and the values 0 3 — o - 4, o\4 - 0-5, and 0^25 respec¬ 
tively have been obtained. The lower the temperature in the case of a 
solid the lower is the value of a. There is a close connection between 
the value of a and the extent to which the liquid can be supercooled. 

The effect of temperature jon the rate of vaporisation can be obtained 
by introducing Clapeyron’s equation, according to which 

d log p _ • L, 

~TT RT 2 ’ 


where L is the latent heat of vaporisation per gram-molecule. L can be 
written as L ( + RT, where L < is the internal latent heat of vaporisation. 
The gas law is assumed for the vapour. Denoting the concentration of 
the saturated vapour by C we then have— 


d log ('. L t 
</T " RT 2 

or C - C 0 <—' </» T 


assuming as an approximation that L, is independent of temperature. 
Equation (1) may also be written— 
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On substituting the above value for C we obtain— 
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This equation shows that m varies in a somewhat complicated way with 
the temperature, but mainly as an exponential function, the actual rate 
being de fined in large measure by the value of the energy term, L,-. 

The act of vaporisation and of sublimation has been quantised by 
Perrin in his essay “ M a tit? re et Eumiere” {An fid It’s dr Physique [ix.], H, 
5-108 (it) 10)) by wiiting— 

\ H = N/ly, 


where N is the Avogadro number, h Planck’s constant, and v the 
frequency of the radiation (infra-red radiation) which is supposed to 
cause the rupture of the molecule from its neighbours in the liquid 
state. This expression, as Perrin is careful to point out, is a simplified 
form of a more general one involving the difference of two frequencies, 
viz .— 

L, = N/*(k - v ) 


where v refers to the vapour molecules, and, for the process considered, 
is regarded as negligible compared with v. This expression*will be more 
readily understood when the reader has familiarised himself with the 
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applications which have been made of quantum considerations to 
ordinary or thermal reactions in general ( cf. Chap. VII.). 

It is essential in this connection to observe that in the act of vapori¬ 
sation or sublimation we are dealing with a thermal phenomenon, i.e. 
one that is due to the temperature of the system. As will be seen in 
Chapter VII., this means that if absorption of radiation is the cause of 
such changes, the radiation must be conceived of as being in equilibrium 
with the matter, that is, both are at the same temperature. The phe¬ 
nomenon of vaporisation or sublipiation is in fact completely analogous to 
the phenomenon of thermionic emission {vide infra). If it were possible 
to cause detachment of the molecules from the surface of a liquid by ex¬ 
posing the surface to radiation from an external source, i.e. high tempera¬ 
ture radiation of frequency r, the effect would no longer be governed by 
equations (1) and (2), but would be analogous to the photo-electric 
effect ( vide infra). Since the magnitude of the photo-electric effect for 
a given v is only one-millionth or less in magnitude of the thermionic 
effect, one may expect the same relative magnitude to hold for vapori¬ 
sation as oidinarily produced on the one hand, and as hypothetically 
produced by external radiation on the other. That vaporisation can 
be brought about by exposure to high temperature radiation is well 
known ; the process, however, is regarded as due to general warming up 
of the surface layers of the liquid and ultimately the whole of the liquid 
by convection so that the effect produced is essentially a thermal one as 
distinct from a photo-chemical one. 

For many liquids the value of v required to account for vaporisation 
corresponds to the shoit infia-red region, 1 to 6/x. Thus, for mercury, 
L, = 13,500 cals, per mole (and in this case the quantity is practi¬ 
cally independent of temperature between room temperature and 88o° 
C.). This energy term requires that v shall be about 1 4 x to 1 ' 1 or 
X = 2■14/c 

Again, since L, = N/n/, and — L - RT = L - 2d', it follows 
that— 

v — constant. (L — 2T). 

But, according to Trouton’s rule (Chap. III., Vol. II.), the molar 
latent heat L is proportional to the absolute boiling point. Hence, as 
Perrin points out, the above relation shows that the frequency of the 
radiation which determines the vaporisation is proportional to the 
boiling point. On this basis the radiation which vaporises liquid 
hydrogen (boiling point 20 abs.) should have a wave-length of about 
70 /x, whilst the wave-length for helium (boiling point — 4-4° abs.) should 
be about 0 3 mm. (The wave-length corresponding to maximum 
intensity of thermal (black body) radiation at this very low temperature 
occurs at about 066 mm.). 

In the case of sublimation Perrin mentions that a wave-length of 
about 5 p. should sublime solid carbonic acid, the corresponding wave¬ 
length for camphor being 2 -4//. 

In the above method of quantising the act of vaporisation it will be 



166 


A SYSTEM OF PHYSICAL CHEMISTRY 


observed that the necessary energy is regarded as contributed by a single 
frequency. It is Usual to regard vaporisation as due to certain mole¬ 
cules which possess kinetic energy in excess of the average value char¬ 
acteristic of the temperature. 

This, however, is not a sufficient explanation of the phenomenon, 
for, as is shown by the different values of L and L, for different sub¬ 
stances, the act of vaporisation depends also on the molecular cohesion 
chaiucteristic of the liquid in question. It would seem, therefore, that 
it is the cohesion which has to bo quantised, and this mig/it be conceived 
of as involving a characteristic frequency. Further, cohesion tends to 
give a definite orientation and structure to the li |uid, which is being 
destroyed by the theimal agitation of the molecules. If, however, the 
act of absorption of radiation weie vety rapid compared with molecular 
movement we might icg.iid the molecules of the liquid as momentarily 
stationaiy, the system being analogous, theiefoie, to a solid. This is 
the- view taken by l'errin, who points out that in the ease of pentane 
during the time taken for 200 vibutions of the ladiation the molecule 
has only moved thiough a distance equal to its own diauu ter. 

The analogy between vaporisation and thermionic emission appears 
to be so close that the former phenomenon should be viewed in the 
light of the results so iar obtained in the case of the lattei (rvi/c infra). 

Incidental]}, the 1 origin of molecular kinetic cneigy itself is probably 
to be sought ultimately in temis of ladiation, i.c. as due to energy com¬ 
municated in the fust place' in this form ; if this is so it would appeal 
necessary to conclude that all the wave-lengths of tcmpcrutuie—or 
“full” radiation—puitieipatcd, and this by implication would lead us 
to believe that cohesion should be titrated in the same manner, though 
ol course this conclusion is by no means ngid. 

To obtain information regauling a possible single (or approximately 
single) fiequcncy lesponsible for vaporisation fiom infra-red absoiption 
spectin it would be necessary to eompate the spetlia of liquid and 
vapoui and to discover if possible a band or bands present in the liquid 
which are absent m the vapoui. Although theie are a good many data 
available m the ease ol liquids, those for the corresponding saturated 
vapour aie seuntv Hands common to both phases would indicate 
types of internal motion oi which the molecules were capable inde¬ 
pendent of the physical state. 

In the case of watei it is known that the vapour is remarkably trans¬ 
parent m the region qg to 13/u, approximately whilst the liquid is ex¬ 
ceedingly opaque in the same legion. If, say, 10g weie reguided as 
corresponding with the act of vaporisation, the value of L, pei mole 
would be 2S32 cals. The experimental value for L, is about 9000 
cals. This, howevei, is an abnormally large value owing to its including 
the vvoik necessary to decompose the polymers in liquid water. The 
value foi L,, if water weie a normal unpolymerised liquid, would be 
approximately 7000 cals. This is nearly three times as great as that 
inferred fiom the behaviour of water and its vapour at 10/c. To 
account for a latent heat of 7000 cals, would require a characteristic 
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frequency corresponding to a wave-length of about q/c. In this short 
infra-red region, water, in both physical states, possesses numeious 
bands, and it is apparent!) unknown whether tin- spectrum ol the liquid 
differs from that of the vapour m tins region 

In contiadistinetion to lVrrnVs view, Rideal (JV//J. Ah^., 42 , 156, 
1921) regards the process of vapoiisation as due to a whole range of 
frequencies, this being necessitated by* the c onsideiation that the 
internal energy content of molecules (and possible, therefore-, their 
residual valency properties, whjch determine cohesion) is distributed 
at haphazard amongst the molecules so that, whilst some mole< ules 
require little or no additional eneigy to ln-come “activated" with 
respect to the act of vaporisation, otheis ro]ime much more to icach 
the same state of activation. Tlu- question is, on what does this distri¬ 
bution of energy depend? Rideal assumes that the cl 1st 11 1 nit ion is 
governed by the nntuie of the circumambient radiation—in temperatme 
equilibrium with the matter which it inlerpcnetiates—and consequent!) 
follows the law of Planck foi the distribution of energy in the noimal 
spectrum. It will he recalled that the latter is a continuous curve 
passing through a maximum at a paiticular wave-length which depends 
on the tempeiatuie. 

Aeeoidmg to this hypothesis the magnitude of the various 01 dilutes 
in the E,A, curve would be piopoitional to it/ii, where // is tlu number 
of molecules each possessing the amount of energy hv. It substances in 
their interior possess ehaiac tensile spectral features Rideal assumes that 
there would he a series of such ordinate-, spaced according to the 
numbei of spectral lines; an attractive hypothesis, which requnes con¬ 
firmation, however, in view of what follows. In the case of “black” 
molecules, “ i.c. those capable of all possible- leaetive fieqtienc ic-s, the 
curve would naturally be complete, since the ordinates would he con¬ 
tiguous and the conditions obtaining would then coincide- with those 
assumed by Planc k for equilibrium in a Hohlruum ” or black body 
space. 

If the highest possible boiling point, viz. the critical point, happened 
to ecu respond in geneiul to a very high temperatme, it would be 
possible to assume that even with a distiibution of enc-rgy such as that 
assumed above that the number of molecules requiring a certain amount 
of activation (i.e. energy values lying between relatively nanow limits) 
would be so great that the remainder would be negligible-. In this sense 
there would be a most probable frequency (approximately monoc hromatic) 
responsible for the vaporisation. Hut, in view of the relatively low 
values to be assigned to critical temperatures and in view of the fact 
that vaporisation takes place at the lowest temperatuies, the above 
approximation legarding monochromatism would appear to be inad¬ 
missible, since the E,A curve is very .flat at low tcmpeiatures, and, if 
Rideal’s initial assumption is correct, integration over a wide- range 
would be required. 

We have now to consider an interesting relation pointed out by 
Rideal in connection with Trouton’s rule. 
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At their critical temperatures T c all substances are in corresponding 
states, the value of L being zero. That is, at the critical temperatures 
all the molecules of different substances are activated with respect to 
the act of vaporisation. Rideal concludes, on the basis of the assump¬ 
tion made above, that critical temperatures are corresponding tempera¬ 
tures likewise in respect of distribution of internal energy among the 
molecules in the interior of substances, i.e., that at the critical tempera¬ 
ture the E,A curves for different substances can be superimposed. 
For the Hohlraum, Wien’s Displacement Law states that, A max . x T = 
constant, where A m ax. is the wave-length corresponding to a maximum 
value of the radiational energy density or intensity. Transferring this 
idea to the conditions postulated as obtaining m the interior of 
different substances we can write: A max , x T c = constant, where the 
constant is independent of the substance consideied. This is equivalent 
to writing T c /v max . = constant or T c /N//r mav . = constant. If now the 
molar latent heat L be identified 1 with N/&v ma \ we obtain T c /L = 
constant, or L/T c = constant. This is the more exact formulation of 
Trouton’s rule, 2 which, according to Rideal, is directly connected, theie- 
fore, with Wien’s Displacement Law. The difficulty is that the assump¬ 
tion that N//i' max . = L is a return to Perrin’s idea of a single frequency 
and is opposed to the initial postulate which requires that L, or better 
L„ should be repiesented by a sum of teams i.//r. The remarkable 
thing, however, is, as Rideal shows, that not only is theie an analogy 
between Wien’s Displacement Law and Trouton’s rule, but that the 
constant is identical in the two expressions. Lxpeimient has shown that 
the value of A ma x. x T for a Hohlraum is 0-28986 when A is measuied 
in cms. Inserting the numerical values for N and h it is found that : 

L = 9 866 T f , 

where L is measuied in cals, per mole. The value of the constant 
9*866 lies between the value given by Trouton’s rule, naineh 14 06, and 
the value given by van der Waal’s equation, namely 7-2. 

l'he above conclusion has been compared by Rideal with the expcii- 
mental \alues. The data are given in the follow ing table. ‘‘ It will be 
noted that for the simple molecules [/. e. those in which woik of dcpoly- 
merisation is not requited] the When constant value for the latent of 
evaporation agrees more closely with the experimentally derived \alues 
than that of Trouton , with the more complex molecules, on the other 
hand, the W’ien constant values agree remarkably closely with the values 
of the latent heat calculated fiom the critical data of van der Waals’ 
equation, but are below those experimentally determined with which 
Troulon’s calculations coincide.” 

1 I. is employed here although it would be more correct to employ I_.,. 

s 7 'routon’s rule states that L/T 1 , = (an approximate) constant = 22ca., where Tft 
is the boiling point on the ab.-olute scale. The boiling points are approximately two- 
thirds of the critical temperatures, and it is found experimentally that I./T t - = 

22 x - = i4‘66 holds better than the oiiginal form of the rule. 



VAPORISATION AND SUBLIMATION 


169 


Critical 


Substance 

Temp 

T r- 

He . 

5'° 

Ar . 

I 55‘° 

Hg . . 

1350 

N, • - 

V I2 7 

o a . . 


H 2 . . 

31 

CO . 

132 

co, . 

304 

C1 2 . . 

4i9 

Hr., . 

575 

I./ . . 

7«5 

cs 2 . . 

55° 

so 2 . 

429 

CC1..H 

54i 

CfiHfi 

561-5 

CjH ia 

468 

c„h b .nh 2 

698-6 

Et.0 . Et 

470 

Et. OH . 

516 

h 2 o . 

645 

CH s COOH 

594'6 


T Pali ^ Calc. 

from Wien's A?w'’T -1 
t _derW.Lsls 1 

I. Call 
from 
Trouton 

Lirtv* . 

j Expression,; 

Rule 

49‘33 


88-2 

1529 


1S27 

13.340 


13/I00 

1253 


1623 

1529 


1890 

306 


420 

1302 


1743 

3000 


4095 

4144 


5027 

559 ° 


7056 

7740 

5426 

5300 

47 r '9 

4233 

4200 

5523 

5330 

5400 

6993 

5540 

5400 

7413 

4616 

— 

63K4 

6892 

7100 

9597 

4638 

4600 

6468 

5091 

5640 

7378 

6364 

8800 

7883 

5866 

8500 

8110 


I, Calc 

from Vapour-prcvine 
Data or Experimental 
Data. 


493 

1501 

14,500 

1362 

T 599 

250 

1414 

3200 

4000 

7200 

7590 

f'490 

5^37 

6goo 

7240 

6000 

9672 

6260 

9448 

9660 

5400 per mol. or 

8370 for associated vapour. 


In view of Rideal’s application of Wien’s Displacement Law' to the 
phenomenon of vaporisation it is of interest to consider the nature of 
the distribution of internal energy among molecules of different 
subst mces at one and the same temperature. Under these conditions 
it would seem that the E,A. curves for different substances must 
be of the same type; they must be regular and continuous and 
exhibit a single maximum. That is, no special characteristics or 
“ bands ” apparently manifest themselves in the interior. The energy 
distribution curves must in fact be similar to (though not identical with) 
the curve for a Hohlraum at the same temperature. The curves for 
different substances cannot be superimposed at the same temperatuie ; 
Rideal assumes that they can be superimposed at the respective critical 
temperatures, or in fact at any corresponding temperatures. If we 
compare, say at room temperature, a substance with a low critical 
temperature with a substance having a high critical temperature we 
would say that the first body has a greater fraction of activated 
molecules {i.e. activated with respect to vaporisation) than the second. 
The absence of all specific characteristics analogous to bands is at first 
sight incompatible with the well-known specific nature of emission and 
absorption spectra. To make them compatible it would be necessary 
to assume that such specific characteristics tend to manifest themselves 
in the interior but they are obliterated by the rapid transformations of 
energy due to reflections, absorptions and emissions on the part of the 
molecules composing the matter, such transformations being the modus 
operandi whereby the matter and the radiation interpenetrating it are 
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maintained at the same temperature. The specific characteristics on 
this view arc observable only when the temperature of the radiation to 
whit'll the matter is exposed is not the same as that of the matter itself. 

Rideal’s application of Wien’s Displacement Law also raises the 
question of the part played by Wieo’s second expression, viz. K max , /T 6 
— constant. 

The foregoing outline •indicates the position of the problem of 
quantisation of vaporisation and sublimation at the piesenk time (1923). 
Evidently the treatment is of a preliminary character only. In the first 
place, since the quantum theory as developed by Planck does not permit 
of the frequency varying as a function of temperature, it is clear that in 
any attempt at an exact quantisation it is necessaiy to separate out the 
variable from the constant parts in any energy term. The* internal 
latent heat vaties with the tempeiature faitly rapidly 111 that it becomes 
zero at the cnlical point. 'This variation, it may be pointed out, is 
much giealer than that met with in the analogous trim in true chemical 
change. We can write— 


> 


0 j , 

where ’ is taken account of by the specific heats of vapour and liquid. 

P L 


The latter terms themselves require separate quantisation, but, whilst 
this has been done to a certain extent in the case of gase s (if Chap. 
IV), practically nothing has been done in this diiection foi liquids The 
term L 0 is the truly constant part in the vaporisation term and it is this 
quantity which should be considered in connection with the still unsolved 
problem as to whether a single frequency ora whole group of frequencies 
is requned. Rideal’s semi-empirical relation, involving Wiens 1 Mspla ce¬ 
ment Law, seems to suggest the employment of a single frequent) even 
though tlieie is black body distribution of lachation and internal energy 
tluuughout the molecules of the system at the same time The quantum 
equation for radiation density as a function of wave-length in a Hohlraum 
has been extended by Planck himself to include a Hohlraum in which 
the lefiuetive index is not unity but has the value n. Whether this 
makes it applicable to the interior of actual matter is a pioblem of the 
first importance, as it bears not only on vaponsation but on chemical 
change as well. If in the interior of matter there are regions of en¬ 
hancement of the E,A curve so that not one but several maxima exist, 
Planck’s equation would appear to be inapplicable and Wien’s Displace¬ 
ment Law meaningless. Ruleal’s investigation seems to point, however, 
to a greater similarity between diffeient substances and the Hohlraum 
itself than would otheiwisc have been anticipated. 


Fusion. 

Considei the ease of a monatomic solid. Its eneigy consists, as 
we have seen (Chap. 111 .), of atomic vibrations. On the equipaitition 
view this energy would amount to 3RT per gram-atom, one half being 
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kinetic the other potential energy. On the quantum theory this ex¬ 
pression is icplaeed, say, by that of Debye and may be repicsented 
by 3R/(0 1 /T) where f($J '0 is the Debye function, 0 ] being the 
“ characteristic temperature ” of the substance in question. 

As a result of the mutual attractions and repulsions of the atoms in a 
solid, they form a space lattice, which is regular in the case of crystalline 
substances, inegular in the case of amorphous solids. At low tempera¬ 
tures the restoring foi<e on an atom is taken to be pioportional to the 
displacement, giving rise to simple harmonic vibratory motion in which 
the potential energy is on the average equal to the kinetic. As the 
melting point is approached, the amplitude of the atomic vibrations 
(.increases until the atoms inteifere with one another— ef. Uindenunn’s 
melting-point method of obtaining the characteristic frequency ol a 
solid (Chap, ill)—presumably as a result of the overlapping ol their 
outermost electronic orbits. As a consequence of this a crystalline 
solid loses its crystalline foim and melts sharply. Under such ton- 
ditions the potential energy may exceed the kinetic. Monatomic solids 
expand on fusion, and, according to Lindemann [Phil. Mag , 45 , 1120, 
1923), about one half of the latent heat of fusion is due to the work 
required to overcome cohesion. “On account of the greater distance 
between the atoms in the liquid, the restoring force is less than in the 
solid and consequently the atom’s fiequcney and the ‘charaetciislie 
temperature’ 0 ., must be lowei. The balance of the latent Ik at is there¬ 
fore piobably accounted for by the term— 

3 k[ , "V(<VT) -A0JT)),n." 

It should be mentioned that I’errin {Joe. tit.) treats the process of 
fusion and crystallisation fiom piensely the same point of view as that 
adopted by him in connection with the process of vaporisation 

Till' KM IONIC lwnsslMN (“ Tlll-.KM IONICS ”). 

By the lei m thcrnnonies is meant the emission of ehetrom from 
heated solids due to the tempeiaturc ol the latter. 'I'lie emission is 
due thciefoic ultimately to the radiant energy interpenetrating the 
solid, in virtue of which the various atoms or molecules composing it 
possess a certain distribution of potential and kinetic energy, wlu< h 
distribution of eneigy content permits us to assign a certain temperature 
to the solid. The emission of electrons varies rapidly with the tempera¬ 
ture, so that although at ordinary temperatures such emission is too 
small to be delected it becomes sensible at higher tempera!uies. 

Thermionic emission is to be clearly distinguished fiom the photo¬ 
electric effect, or emission of electrons from the surface of a solid owing 
to the exposure of the surface to an external source oi radiation, usually 
of short wave-length. Under the latter (photo-electric) conditions, the 
emission is not connected with the temperature of the solid at all, but 
depends essentially upon the choice and intensity of the impinging 
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light. The term “auto-photo-electric emission ” will be used later in 
connection with thermionics. This has to be distinguished from the 
ordinary use of the term photo-electric. The auto-effect depends essen¬ 
tially upon the radiation interpenetrating the matter in virtue of the 
temperature of the matter. It is convenient to group together in one's 
mind the two phenomena of thermionics and ordinary thermal reactions, 
both having their origin in what gives temperatuie to the system. On 
the other hand, we have to group together photo-electric: effects and 
photo-chemical action (as oidinarily understood) in that‘both are due to 
impinging external radiation usually possessing a temperature which is 
high compared with that of the matter upon which the radiation acts. 

Our knowledge of the subject of thermionics is due principally to 
O. W. Richardson and his collaborators. 1 The most characteristic 
features of the phenomenon may be thus summarised :— 

1. The number of electrons u emitted at any temperature T is given 
by an expression of the form :— 

n — AT 

wheic A, A and b are constants. A is of the order unity, its most prob¬ 
able value being 1/2. The term b can be written as w\ R where R is the 
gas constant per gram-molecule and w is an enetgy term the value of 
which usually lies between 30,000 and 50,000 calories. The deduction 
of the above equation will be given later. 

2. The emission of electrons is accompanied by an absorption of 
heat of a magnitude in general agreement with the value ascribed to 
b. .Similarly the absorption of electrons by a cold metal is accompanied 
by an evolution ol heat, the value likewise being in agreement with that 
inferred from the value of b. 

3. The energy of the emitted electrons, as well as the distribution 
of velocity amongst them, is identical with that given by Maxwell's law 
for molecules possessing the mass of an electron at the same tempera¬ 
ture as the emitting metal. It is this fact which demonstrates that 
thermionic emission is a pure temperature effect. It is also now 
accepted—the objections will be referred to later—that the emission is 
a definite property of the metal and is not to be ascribed to chemical 
change due to accidental impurities. It may, however, be iegarded as 
typifying the simplest possible kind of chemical change in the metal 
itself if we take it as representing the dissociation of a neutral atom into 
a positive residue and an electron. 

The theimionic emission may be taken as a manifestation of the fact 
that as the temperature rises the kinetic energy of certain of the electrons, 
begins to exceed the work required to overcome the forces retaining 
them in their original positions in the solid. 

Deduction of Richardson's Tmrmionic Equation. 

The following is the deduction as given by Langmuir [Trans. Amer- 
Electrochem. Soc ., 39 . 125, 1916). 

1 A detailed account will be found for example in Richardson’s book: Emis¬ 
sion of Electricity from Hot Bodies, Longmans. ' 
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According to Richardson the distribution of velocities among the 
electrons which are emitted by a heated metal is given by Maxwell's 
law, 

= —y^e~ x<l dx .... ( 1 ) 

J-rr 


where N fe^he number of electrons in each c.c. of the metal, dN the 
number per c*:. which have velocity components in a given direction 
lying between v and v + dv. The variable .v is proportional to v and 
is given by :— 


x 


13 v 


( 2 ) 


where v is the square root of the mean square velocity of the electrons. 
v , on the basis of the kinetic theory, is given by :— 


v — 


1 3RT 

V M 


( 3 ) 


where R is the gas constant per gram-molecule and M is the “ molecular 
weight” of an electron {viz. 0000546, oxygen = 16). From (2) and 
(3) we obtain :— 

= 4 Mzr/RT . . (4) 

Richardson assumes a force at the surface of the metal tending to 
hold the electrons within the metal. In order to escape, an electron 
must do work against this force. Suppose w is the work which must 
be done by one gram-molecule, i.e. 61 x io 23 electrons. The electrons 
are able to do this in virtue of their kinetic energy. Let 5 j {) be the 
smallest velocity component perpendicular to the surface of the metal 
which an electron must possess in order just to escape. Then, 

= w .(5) 

The number of electrons dn with velocity components between v 
and v + dv which reach a square cm. of the surface per second can be 
obtained by multiplying the number per c.c. having this velocity by the 
velocity component. That is, from (1) and (4)— 

dn vdN — Na/ 2 ^ . x . e ~ *dx . . (6) 


The total number of electrons which reach the surface with a velocity 
perpendicular to it exceeding v 0 is therefore— 


• „ 2 LMV 

0 RT 



. e 


X<p 


where 


> 


( 7 ) 

( 8 ) 
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Combining (5), (7) and (8) we obtain finally:— 


n 


N 


RT 

2ttM ' *’ 


If'/K 1 


(9) 


This is Richardson’s thermionic equation. 

The above expression assumes obviously that the thermionic emis¬ 
sion is an intrinsic property of the metal. , 

Further, if a positive field is maintained outside the metal by bringing 
an electrode (anode) charged to a sufficiently high positive potential 
near to the metallic surface, none of the electrons which have been 
emitted by the hot metal will return to it. A thermionic current will 
be produced, and evidently if the positive potential of the electrode is 
sufficiently high to prevent all the electrons from returning to the heated 
metal a saturation current will be attained, independent of any higher 
potential applied to the elcctiode. The saturation current /'is propor¬ 
tional to n and should theiefore be given by equation (9). If we assume 
that N and to are independent of temperatuie, equation (9) may be 
written— 


/ — a J'Yc — f»/i . . . (to) 


which is the a< tual type of equation tested experimentally b) Richaidson. 
a and b are constants. 


Discussion of Richardson's Equation. 

Equation (9) (or its equivalent (10)) has been the subject of con¬ 
siderable criticism, but it is now regarded as correct and applicable if 
the metal suifaic is really clean. As a result of experimental work 
carried out under very high \aeua (the pressure being less than io~' 
mm. of mercury), and e\ery care being taken to eliminate impurities, 
Langmuir has found that the thermionic emission is an intrinsic property 
of pine metals ami is gi\en by an expression of the above form. As an 
illustration of the care which must be exercised in woik of this kind 
Langmuir states that oxygen or watei vapour even at as low a pressure 
as 1 o~111m. of mereuiy diminishes the election emission from tungsten 
materially. CO, CO.., and CH* decrease the emission shghth ; IL, 
mercury vapour, and the inert gases, when pure, are without effect. 
As the vacuum is improved, the emission in general increases, but 
reaches a definite limit, which is not changed by further improvement 
of the vacuum. 

As already mentioned, one of the criticisms levelled at Richardson’s 
concept of theimionic emission as an intrinsic property was that the 
effects observed could be ascribed to chemical action due to an 
impurity at or in the metal, e.g. adsorbed gases. Langmuir has found, 
however, that the gases which react most vigorously with tungsten are 
also those which most markedly diminish the thermionic effect. The 
presence of thorium in tungsteg sufficient to give rise to a surface layer 
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of thorium one atom in depth increases the emission ten-thousand fold. 1 
This layer, however, can be distilled off by heating the filament to 
2700°, and the emission thereafter corresponds to that of pure tungsten. 
Langmuir (Joe. cit.') gives other evidence to show that thermionic 
emission can be observed with an absolutely pure metal. 

In the following table are given some results obtained m Langmuir’s 
laboratory, the result for platinum being an approximate one obtained by 
Schlichter. .PHe a and b values are the constants in Richardson’s 
equation (10). On comparing (io)*with (9) we see that b = ?vj R, wheie 
w is the work done when one gram-molecule of elections escape. Since 
the amount of current involved in this is one faraday (F), it follows that 
w = 4 >F, or <I> = u’/F = R/WF = 8-62 x io~ 6 b volts, where <J» is an 
imaginary ’ 2 p.d. exerted at the surface, just sufficient in magnitude to 


prevent emission ; 

that is, a p.d. which is equivalent in its t 

.•fleet to the 

forces holding the 

electrons in 

the metal. 

The term 

denotes the 

saturation current 

per cm. 2 at 2000° absolute 



Metal 

a 

h 

I.MKMI 

<!• in Volts 

amps per cm® 

Calories 

amps, per cm | 

Tungsten 

2 36 X lo 7 

52,500 

OVO42 


Thorium . 

2 'U X IO* 

s 39,000 

3 °"° 

3 \F> 

Tantalum 

I 12 X IO 7 

50,000 

(>•007 

13 1 

Molybdenum 

2’i x we 

, 50,000 

0013 

4 ‘ 3 i 

Carbon 

— 

■ 48,000 

- 

4-14 

Titanium 

1300 

28,000 

0^048 

2-4 ? 

Iron 

2400 

37,000 

O-OOI 

3-2’ 

Platinum . 

1-25 X IO 7 

51,060 

0-0035 

4'4 

The following 

values of <t> 

are added for the sake of completeness. 


Some of them aie far from being exact. They have been obtained from 
the photo-electric effect. As will be pointed out later, Millikan has 
shown that pure fieshly-cut surfaces of metals exhibit best the photo¬ 
electric effect. This effect is likewise an intrinsic pioperty of the metal. 



in Volts. 

Metal 


Copper 

4’f 

Aluminium 

2-8 

Bismuth 

y 7 

Magnesium 

3' 2 

Tin 

35 

Lithium 

2‘35 

Zinc 

3’4 

Sodium 

(z-i). 


From the “chemical” point of view we may regard the values 
attributed to as a measure of the affinity of the metals for electrons. 

} This result suggests that any phenomenon depending on surface electrical 
effects—possibly certain types of catalysis—would be largely influenced by a trace 
of thorium. 

2 The sense fn which the term imaginary is here employed is explained in the 
section dealing with contact p d’s. } 
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It will be observed that it requires much less work to eject an electron 
from the alkali metals than is required in the case of, say, platinum or / 
tungsten. Even at relatively low temperatures—300° to 400° C.— 
electron emission from potassium, in a good vacuum, is large. 

We have now to return to a c6nsideration of the probable cause of 
the whole phenomenon of thermionic emission, that is, the source of the 
necessary energy. Richardson deals with the problem as follow's 
(British Assoc. Report, 1921):— s*' 

“ Since the formula for the radiation emitted by a body at any given 
temperature contains every wave-length without limitation, there must 
be some emission of electrons from an incandescent body as the result 
of the auto-photo-electric effect of its ow r n luminosity. Tw r o questions 
obviously put themselves. Will this [auto] photo-electric emission, 
caused by the whole spectrum of the black body, vary, as the tempera¬ 
ture of the incandescent body is raised, in the way which is knowm to 
characterise thermionic emission?” The answer to this question is 1 
definitely in the affirmative. “ Thus the auto-photo-electric emission has 
the correct behaviour to account for thermionic emission. The other 
question is : is it large enough ? This is a question of fact. . . . There 
seems no escape from the conclusion that the auto-photo-electric effect of the 
whole spectrum is far too small to account for thermionic emission .” 

This is the outstanding difficulty in interpreting the phenomenon 
of thermionic emission. It is highly interesting and suggestive that 
precisely the same difficulty is encountered in the case of ordinary or 
thermal chemical reactions which proceed in virtue of the temperature 
of the system. The cause of the discrepancy is undoubtedly the same 
in the two cases. In the case of chemical reactions, that is, ««/molecular 
reactions, which are of course the nearest analogue to thermionic effects, 
the observed velocity constant is about 2 x 10 7 times as great as that 
calculated from the l’lanck expression for the rate of absorption of 
radiational energy by an oscillator. This is discussed in Chapter VII. 

Thermionics and tiie Contact Potential Differences Between 

Metals. 

In the thermodynamic treatment of the electromotive force of cells, 
as given in Vol. II., Chapter VII., nothing has been said of the possible 
potential differences existing at the points of contact of unlike metals in 
the circuits. As regards concentration cells, and gravity and centrifugal 
cells, in which both electrodes in any cell are of the same kind, it is 
evident that contact effects, if they exist, mutually cancel. In certain 
cases, however, such as the Daniell cell, the two electrodes consist of 
different metals, e.g. copper and zinc. In such instances, if there is a 
real p.d. at the point of contact of the two pure metals—whether this 
contact is direct or via some other metal is immaterial—the question 
arises as to whether the contact effect has to be allowed for in estimating 
the correct E.M.F. due to the chemical process occuri^ng in the cell. 

The question of the existence or non-existence of such contact: 
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potentials between metals has been under discussion since the time of 
the first observations of Volta (1797), that a p.d. seemed to exist between 
zinc and copper, the copper being negatively charged with respect to 
the zinc, which effect Volta attributed to “ contact action As investiga¬ 
tion proceeded, stress was laid more and more on the chemical process 
occurring in the cell, so that it came to be generally believed that 
contact action as such did not exist; tlfat when such effects were 
observed, ;k^ii Volta’s original experiments, these were due to a film of 
moisture between the metals, am^wvre in fact evidence for the chemical 
origin of the p.d. as opposed to the “contact ” origin. This conclusion 
appeared to be very strongly supported by the experiments of J. Brown, 
who showed that if tw-o dissimilar metals aie boiled m oil so as to 
remove moisture, no p.d. manifests itself w hen the metals aie brought 
into contact. The criticism that a non-conducting layer of oil was left 
between the metals and could not produce any electro al effects seems 
scarcely to have been considered. 

The whole question of the existence of a contact p.d. has been 
raised, however, by the modern work on thermionic emission, photo¬ 
electric effects, and ionisation potentials (cf in particular 1 . Langmuir, 
Trans. Amer. Ekctrochcm. Sac., 39 , 125, ipifi). 1 T he evidence collected 
appears to be sufficiently convincing to demonstiate the real existence 
of the contact effect. In view T of the importune of this ((inclusion it is 
necessary to give one of the pimcipal aigumcnts put forward by 
Richardson in connection with it. 

“Imagine a vacuous enclosure, either impervious to heat or main¬ 
tained at a constant temperature. Let the enelosuie contain two 
different electron-emitting bodies, A and B [emitting in virtue of their 
common temperature j. Let one of these, say A, have the power of 
emitting electrons taster than the other, B. Since they are each receiv¬ 
ing as well as emitting electrons, A will acquire a positive and It a 
negative charge under these circumstances. Owing to these opposite 
charges, A and B will now attract each other, and useful work can be 
obtained by letting them come into contact. After the ( barges on A 
and B have been discharged by bringing them into contact, let the bodies 
be quickly separated and moved to their original positions. This need 
involve no expenditure of work as the charges arising from the ther¬ 
mionic emission will not have had time to develop. After the chaiges 
have had time to develop, the bodies can again be permitted to move 
together under then mutual attraction, and so the cycle can be continued 
an indefinite number ol times. In this waj we have succeeded in 
imagining a device which will convert all the heat energy from a source 
at a uniform temperature into useful work. Now the existence of such 
a device would contravene the second law of thermodynamics.” 

There is evidently a fallacy therefore in some one of the assumptions 
made in the above process. It is necessary, in fact, to modify the 
alleged behaviour of A and B in order that no useful work on the whole 

1 Ionisation potentials arc considered m the following chaptei. 

VOL. III. 12 
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may he done. “ There are two alternatives. Either A and B necessarily 
emit equal numbers of electrons at all temperatures, or the charges which 
develop owing to the unequal rate of emission are not discharged, even 
to the slightest degree, when the two bodies are placed in contact. 

The first alternative is definitely excluded by the experimental 
evidence.” We must fall back therefore on the second. “It means 
that bodies have natural states of eleotrifit ation vvhereb) they become 
charged to definite potential differences whose magnitudes are inde¬ 
pendent of then relative positions. There is an mtiinsic potential 
diffennee between A and B which isMie same, at a given lemperatuie, 
whethei they are at a distance apnit 01 in contact. In the words of 
Volta, ‘the metals can by themselves and of their own proper virtue 
excite and dislodge the electric fluid fiom its state 1 of rest \ Admitting 
that the intrinsic potentials exist, a straightforward calculation shows 
that they aie intimately connected with the magnitudes of the- ther¬ 
mionic- emission at a given temperatme ” 

The calc-ulation referred to will be given later. Befoie doing so, 
however, it is necessary to distinguish between two electrical quantities, 
both of them e haiac tciistie of metallic conductors, namely the true eon- 
tact efleet discussed above, and the well-known thermo-elcctiic effect 
of Peltier which hums the basis of temperature measurement b) means 
of theimo-c leetnc couples. 

The IVltiei effect is in geneial a small quantity, nun h smallci than 
the value ascribed to the- true contact p.d. In fact, Helmholtz and 
Lord Kelvin have icgaided the Peltier effect as being related, not to the 
contact p.d itself, hut to the variation of this p.d. with lempeiatiue, the 
relation being - 


when- V, is the- contact p < 1 . between two metals at the temperature T, 
and V, is the Peltier ciecttomotivc force, that is the E.M.F. which is 
ecpuv.ilc-nl to tlu- observed absorption or evolution of heat at the 
junction. 

The calculation referted to above, which concerns Y c diicctly and 
only indirectly, 111a) now he given ( cf. Science Progress, 16 , 
305, icj2 2.) The calculation deals mainly with the significance of the 
4 » term (already met with in discussing thermiomes) for contact 
potentials. 

Consider two metallic bodies placed in a vacuous enclosure main¬ 
tained at constant temperature T. Let re, and UK, refei to the work 
functions coriesponding to the escape of N„ electrons thiough the sur¬ 
faces of each body respectivcl), where N 0 is tlie Avogadro number. 
Let V, and Vo be the potentials in the space just outsuit the surfaces of 
the metals The work required to lemove N 0 electrons from the first 
body, transport them across the space between, and carry them into the 
second metal is— 

w x + (Vj - V,),-N„ - w,. 
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Note that the electronic chaige is negative, hut c is regained here as its 
mere magmtucle, i.e. as a positive number, v> that (Y, - Y..)c is work 
done on the electron in travelling from the place where the potential is 
V to the place where it is V„. Now, by a well-known result, the above 
sum of work U nits must equal R'J» log Np'NE, where R is the gas con¬ 
stant per gram-molecule, and N t and Nj ate the “ tree ” or conduction 
elections per i' c , m each metal. Hence— 


R 


V, - v„ - ( :e>, - *v, -t- log N,/N,):VN 0 


\ T 

<t\ - «l», + og N r N 

rs 


Suppose- now that the two metals aie placed m contact, then from 
the value-, of electric conductivity and thermo-electric- measuiemeiits we 
are lu-aified in assuming th.it N, and N\ aie numbers of the same olde r 
of magnitude and the logarithmic term is lound to lead to eompaialively 
small E.M 1\’s, of the order of magnitude of those lequned to account 
foi the Peltier effect Hence we may iewnte the above relation in the 
appioximately coriect form— 

V, - V., = cl>, _ chj 

ii the metals have been m c'ontaet, whether they remain so 01 are 
separated. Hence the contact p.d. of the two metals is thus identified 
as the differem e of their «J» values. 

Langmuir (/or. ri/.) has pointed out that it is not coriect to tegard 
4> as a p.d. in the usual sense of the term. A p.d. is defined as e xisting 
between two points when the work done on an element of charge 
Sy in tiansportation is Y<v/, and the tiunspoitution of the- <V/ if on not 
appreciably affect the value of /’. Hut the mechanism of photo-electric 
and thermionic emission seems to be such that the weak involved by 
the removal of a small but finite amount of cliaige e is due to the back 
attraction on the e of its mirror image, /a. its induced cliaige on the* 
surface of the metal, or the balance of opposite charge left unneutralised 
by its removal. It can be shown (if. Langmuir, Im. at.), on the law of 
inverse squares, that the amount involved in removing e from a point 
which is distant a fiom the surface to infinity is e~j\x, and that if we as¬ 
sume the law of inveise square to hold down to a distance a l( , and for 
nearer distances adopt any plausible hypothesis as to attractive fence 
which docs not lead to infinite singularities, then w — t’-/2.v u approxi¬ 
mately , i.e., 

Cl> = a/2 x () . 


If this equation is tested from the knofrn values of <1> and e, it yields 
quite reasonable values for .v„, all of the order io _ s cm., as one would 
expect from the values of atomic dimensions and distances apart calcu¬ 
lated on otl^r grounds. It is interesting to note also that it gives an 
explanation of the statement by Richardson that the values of 4 > for 



A SYSTEM OF PHYSICAL CHEMISTRY 


180 

some elements—su< h as sodium, potassium and carbon—are inversely 
proportional to the cube roots of their atomic volumes. 

From the values of <1> for different metals, determined by any suit¬ 
able method, thermionic or photo-electric, we should be able to calculate 
the contact p.d. between any pair of metals. When d> 2 > 4 >j, this means 
that it is more difficult to abstract an electron from metal (2) than from 
metal (1). Metal (1) will therefore be at a higher electrostatic potential 
than metal (2). Referring to the tables of 4 > values given ip. the section 
on theimionics it will be seen that <J> c<>pper = 4' 1 volts, whilst = 

3'4 volts. That is 4 > LOpper > <t> /inc . Hence when these two metals arc 
in contact the; copper will be negatively charged compared with the zinc ; 
which is Volta’s original observation. Further, the magnitude of this 
p.d. will be 4'i - 3-4 — 07 volt., a considerable magnitude. 

We have now to consider the case of the F.M.F. of an electrolytic 
cell, e.g. the Daniell cell. In view of the above results there can be no 
question but that there is a real contact p.d. of considerable size, namely 
07 volt, at the point of contact of zinc and copper in the circuit. But 
the copper and zinc' electrodes face one another in the opposite sense 
in the cell itself, and it has been shown above that the p.d. is the same 
whether the metals are actually in contact—as they are somewhere in 
the metallic circuit—or whether they are separated from one another, 
as they are in the cell itself. It seems probable therefore that the con¬ 
tact p.d. though real cancels itself even in this case. To place the con¬ 
clusion on a firm foundation it would be necessary to carr) out 
measurements analogous to those of Bredig and Knuppfer (Vol. 11 ., 
Chap. XII.) foi an electrochemical icaction involving metals ot a differ¬ 
ent kind, but at the same time a reaction characterised by an equilibrium 
point which could be determined by independent analytical means. 
The Daniell cell reaction cannot be employed for this purpose, since the 
equilibrium point lies so far over to one side as to be beyond the limits 
of detection by even the most refined analytical methods. It such a re¬ 
action were discovered it would be possible to calculate by means of the 
van’t Hoff isotherm what the F.M.F. due to the chemical reaction should 
be. The result could then be compared with the observed value. 

Thk Photo-Electric Effect. 

Hallwaehs, in nS88, was the first to show’ that a body carrying a 
charge of negative electricity loses its charge on being exposed to ultra¬ 
violet light ; on the other hand, a positively charged body is not dis¬ 
charged. Later, Hallwaehs and Righi showed, independently, that an 
insulated metal exposed to ultra-violet light acquires a positive charge. 
That is to say, negatively charged particles, electrons, are emitted from 
the metal under the action of ultra-violet light. This phenomenon is 
known as the photo-electric effect. Certain metals, such as the alkali 
metals and zinc and aluminium, exhibit this effect even under the 
influence of ordinary “visible” light, the effect being greatest in the 
case of the alkali metals. It is essential in all these cases that the 1. 
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surface should be fresh and clean ; if a layer of oxide forms, the effect 
is greatly weakened. This is known as photo-electric fatigue. 

This emission of electrons is bound up with an absoiption of the 
light. The periodic electric force in the radiation sets the electrons on 
the surface into more violent vibration, so that some of them art* ejected 
from the metal into the neighbouring space. If v is the velocity 
possessed by an ejected electron, its kinetic energy is \mv"\ where m 
is the mass*of the electron. If the surface be charged positively to a 
potential of V volts, which potential is just able to prevent the escape 
ol the electron, it follows that Ve, where e is the charge on the electron, 
is just equal to \m,'\ i.e. the kinetic energy which the 1 election would 
have had if no potential had existed. 

Experiment has shown that the photo-electric effect really comprises 
two phenomena, apparently distinct from one another. These are 
known as the normal photo-electric effeit and the selective photo-electric 
effect respecti\ely. We shall consider the normal effect in the first 
place 

Normal Phoio-Elkctkic Eki'lci'. 

The photo-electric current, produced by the moving elections which 
have been set free fiom the suiface, depends upon two faelois, (r) the 
number of electrons emitted in unit time, and (2) the speed of these 
elections. If the 1 intensity of the light be increased, without altering 
the colour or quality [i.c. without altering the valuation fiequeney), it 
has been found that the photo-electric effect increases proportionally 
to this intensity, because the number of elections emitted incieases in 
the same proportion. As long, however, as the frequency of the light 
is maintained constant, the velocity of the electrons is also constant. 
On the other hand, working with constant intensity of light but varying 
the quality or frequency it has been found that, on increasing the 
fiequeney of the light, the photo-electric effect increases, because the 
speed of the electrons is now increased. According to Letiard and 
Ladenburg, when the wave-length is thus shortened (at constant in¬ 
tensity) the velocity of the elections emitted increases proportionally 
to the frequency. It is now known that the square ol the speed is 
proportional to the frequency of the incident light. Below a certain 
wave-length or frequency, known as the threshold wave-length, the 
normal photo-electric effect is not observable. That is, with wave¬ 
lengths longer than a certain value A„—characteristic of the substance 
under examination— no electrons are emitted. Hughes has determined 
the value of A<, for a number of substances, using fresh surfaces, obtained 
by distillation of the substance in vaitto. These values are given in 
the following table :— 
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Normal Photo-elkctric Effect. Threshold Wave-lengths (X„). 


Substam e« 

A|i, 

Substance 1 

Ad- 

Ca 

37o MM 

c 

Sb . . 1 

308 pp 

Mg 

330 

As : 

236 

id 

3 M 

Se 

220 

Zn 

402 

O 2 

T 35 

Eh 

3 TV! 

C (soot) 

255-2f)0 

Hi 

3-3 

r 



The values obtained by Ru Inmlson .md Compton with freshly scraped 
surfaces coiiespond to somewhat longer wave-lengths than those given. 

Stalling iioin the above threshold wave-lcnglhs and diminishing the 
wave-length, the photn-o!e< trie effect in< reases in virtue of an increase 
in the velocily ol the electrons. A( voiding to Richanison and Compton 
this goes on until a certain limiting value, corresponding to an ex¬ 
tremely short wave-length, is attained, beyond which the noimal photo¬ 
electric. effect no longer mcieases. 

The emission of an election at all by the action of light is a process 
which it is difficult to icconcile with the ordinaly wave theoiy of light, 
which involves a spieadmg out of the 1 light and consequent unifoim 
diminution in intensity as we proceed from the souire. 1 Yet (vide 
suprn) it has been found by Fen.trd {Ann. J'hvPk, iv., 8, 1.40, Ti)02) 
and verified by Millikan {P/ivsnal /1V7 1 ., 1 , 73, 1913) that the speed and 
consequently the kinetic energy of electrons ejected is quite independent 
of the intensity of the light, provided only that its frequency be kept 
constant. The change in the intensity here referied to may be brought 
about, foi example, by altering the distance of the light-somce 01 by 
intiodmmg absorbing screens. Further, as already mentioned, on 
keeping the intensity of the light constant and varying its quality (/.<’. its 

1 The difficulty lies in the conclusion that on the oidmarv wave theory calcula¬ 
tions tar too little eneigy would fall on a surlace of the size of an alum (1 o - 1 cm.-) 
even in one second to ac.ount for the energy of expulsion of the electron. Thus 
from a stand.ud candle the energy incident per second on unit surlnce 3 metres 
away is about one erg (Drude, Physical Optus), so that under tins light only 
io- ,fc ergs would tall per second on an atom, and since about io- r - ergs is requued 
for the photo-electric eflec. occuriing about the middle of the visible spectrum it 
should take several hours’ illumination from the above source under the above condi¬ 
tions to make emission possible. Electron enussi >n, however, is observed to take 
place immediately the substance is illuminated. 

This difficulty is not lcsolved even by applying an important theoretical result 
obtained by Raleigh {Phil, il/ug., 32, iSS, 1916), namely, that an atom may absorb 
radiation fiom a region ol area of the order of the squate of the wave-length of the 
incident light rather than from an area of the order of the cross section of the atom 
itself. For visible light the distinction is very great, but vanishes for y or X-rays, 
for example, where the wave-length is of the same order as the linear dimensions of 
the atom; yet in the latter case photo-electric emission commences immediately 
although it has been calculated on the classical wave-spreading theory that the y ray 
energy from radium should require an immense delay before election omission could 
take place. 
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frequency), the speed of the electrons increases as the frequency 
increases. 

These two facts, although nearly incomprehensible on the ordinary 
wave theon, would accord with the old corpuscular theory were this not 
rendered wholly inadmissible on oilier grounds. An attempt to find an 
explan ltion of these facts by modifying the wave theory was made by 
Sir I ]. 'Thomson ( Proc. Camb. Fbtll Soc., 14 , 4.21, 1908). The 
following account is in the main a quotation ■— 

Tin- hadiant] energy travelliag outwaids [fiotn the radiating source] 
with the wave is not spread uniformly over the wave fiont, but is concen¬ 
trated on those parts of the fiont where the pulses are travelling along the 
lines of force; 1 these parts correspond to the bright specks, the te.st to 
the daik giound. . . . 'The energy of the wave is thus collec ted into iso¬ 
lated regions, these regions being the poitions of the lines of force occu¬ 
pied by the pulses or wave motion. In fact, fiom this point of view, the 
distiibution of energy is vriy like that contemplated on the old emission 
theon, actording to which the energy was located on moving paitides 
sparsely disseminated throughout space. The energy is, as it were, 
done up into bundles, and the energy in any particular bundle docs 
not change as the bundle travels along the line of foice. 'Thus, when 
light falls upon a metal plate, if we increase the distance of the source 
of light, we shall diminish the number of these different bundles or units 
falling on a given aiea of the metal, but we shall not dimmish the 
energy m the individual units; thus any effect which can be 1 produced 
b\ a unit by itself, will, when the source of light is removed to a greater 
distance, take place less frequently, it is true, but when it does take 
pla< e it will be of the same character as when the intensity of the light 
was stlonger. 'Hus is, I think, the explanation of the remarkable 
result discovered by Lenard, that though the number of corpuscles 
emitted by a piece of metal exposed to ultra-violet light increases [as 
intensity increases], the velocity with which individual corpuscles come 
from the metal does not depend upon the intensity of tlie light. If 
this icsult stood alone, we might suppose that it mdnated that the 
foices which expel the corpuscles from the metal are not the electron 
foiees in the light wave incident on the metal, but that the corpuscles 
are ejected by the explosion of some of the molecules of the metal 
which have been put into an unstable state by the incidence of the 
light, if this were the case the velocity of the corpuscle would be 
determined by the propel ties of the atom of the metal, and not by 
the intensity of the light, which merely acts as a trigger to start 
the explosion. Some experiments made quite recently by l)i. E. 
JLadenburg make, however, this last explanation exceedingly impiobable. 
Laden burg has investigated the velocities of corpuscles emitted under 
the action of ultra-violet light of different wave-lengths, and finds that 
the velocity varies continuously with the frequency, according to his 

1 'Thomson assumes dull the ether has disseminated through il discrete lines of 
electric foreef these being in a state of tension. The light consists of transverse 
vibrations travelling along these lines. 
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interpretations of his experiments, the velocity is directly proportional 
to the frequency. 1 Thus, though the velocity of the corpuscles is 
independent of the intensity of the light, it varies in apparently quite a 
continuous way with the quality of the light; this would he very impiob- 
able if the coipusrles were expelled by an explosion of the molecule. 
It seems rnoie reasonable to suppose that the velocity is imparted by 
the light, and yet, as we have seen, the velocity is independent of 
the intensity of the light. These results can, however,due reconciled 
by the view staled above, that a waye of light is not a continuous 
structure, but that its energy is concentrated in units (the places where 
the lines of force are disturbed), and that the energy in each of these 
units docs not diminish as it travels along its line of force. Thus if a 
unit by impinging on a molecule can at any place make it liberate a 
corpus! le, it will do so and start the corpuscle with the same velocity, 
whatever may be the distante from the source when it strikes the 
molecule; thus the velocity of the corpuscles would be independent 
of the intensity of the light. Ladenburg found that the velocity of the 
corpuscle incieases with the frequency of the light; this shows that, if 
the view we art* discussing is correct, the eneigy 111 the units will in¬ 
crease with the frequency of the light. This latter statement is, of 
course, 111 general agreement with the quantum hypothesis, according 
to which the energy in any unit is directly proportional to the frequency. 

T<> show by an extreme case how few light units it is necessary to 
postulate, say, in the visible region of the spectrum under ordinary con¬ 
ditions, Sir |. J. Thomson has carried out the following calculation. 
Light of such intensity that 10 -4 tags fall on unit aiea per second would 
be \ery faint, but would still be visible. If we think of a cylinder of 
ethei, base 1 squaic centimetie and 3 x to 10 cms. in length, then the 
above-mentioned intensity is such that io -4 ergs are distributed through¬ 
out this cvlimlei (at any moment), and the density of the light is there- 

T 0“ * 

fore 10 ergs per c.e. Taking as a mean value for one quantum 

the numbei io _1 - ergs, we see that there will only be one such unit in 
every tooo c.t. of space. The structure of light is therefore of a coarse¬ 
grained character. A further point still remains to be mentioned. The 
idea of a point source not radiating uniformly (this being a result of the 
heterogeneous nuluie of emission) seems to be in disagreement with the 
ordinary laws of propagation of light equally 111 all directions. It must 
be remembered, howeter, that any physical source of ladiation consists 
of a \ cry large number of resonators, so that the total radiating effect 
is on the average symmetrical about the source. 

It is necessaiv, however, to point out certain objections which can 
be urged against the ether string idea. These are given by Millikan 
{The Electron , p. 229) as follow^;— 

“Two very potent objections, howevci, may be uiged against all 

‘As already stated, the evidence now available shows that the square of the 
velocity of the election is propoitional to the fieijuency of the light. 
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forms of ether-string theory. The first is that no one has ever yet been 
able to show that such a theory can pi edict any one of the facts of 
interference. The second is that there is direct positive evidence 
against the view that the ether possesses a fibrous stiucture, as postulated 
by any form of ether-string theory*, “each unit of positive electricity 
being the origin and each unit of negative electricity the termination of 
a Faraday tube ; then the force acting on*one single electron between 
the plates of an air condenser cannot possibly vary continuously with the 
potential difference between the •plates. Now in the oil chop experi¬ 
ments [rf. Vol. 1 ., Chap. 1 .] we actually study the behaviour m such an 
electiic field of one single isolated electron and we find, over the widest 
limits, exact proportionality between the field strength and the force 
acting on the electron as measured by the velocity with which the oil 
drop to which it is attached is dragged through the air. When we 
maintain the field constant and vary the charge on the drop, the granular 
structure of electricity is proved by the discontinuous changes m the 
velocity, but when we maintain the charge constant and vary the field 
the lack of discontinuous change in the velocity disproves the contention 
of a fibrous structure in the field, unless the assumption be made that 
there are an enormous number of ether strings ending in one electron. 
Such an assumption takes all the virtue out an ether-string theory.” 

This criticism, however, scarcely bears on the view which at the pre¬ 
sent time (1924) appears to be gaining ground, viz. that discrete light 
quanta do actually exist, each quantum being capable of altering enor¬ 
mously in size. 

Einstein’s Equation for Photo-electric Emission. 

On the basis of light assumed to exist actually in bundles or quanta, 
i.c. the discrete view r of radiation, Einstein {Ann. Physik [iv], 17 , 132, 
1905 ; ibid ., 20, 199, 1906) deduced the following expression which 
connects directly Planck’s constant h with the phenomenon of photo¬ 
electric emission— 

Vc.= tynv 1 = hv — hv () 

where \mv- repiesents the maximum kinetic energy of the electron 
emitted by light of frequency v. v 0 is the threshold frequency already 
defined, characteristic of the substance from which the elections are 
emitted. The significance of eV has already been pointed out. It 
follows from the above expression that when v = r 0 the electron will just 
be emitted without sensible speed, v u being therefore the lower limit of 
frequency capable of bringing about the photo-electric effect at all. 
Further, the equation expresses the fact that the kinetic energy of the 
electron is proportional to the frequency, that is, the square of the 
velocity varies as the frequency. 

This equation has been subjected to very rigorous test as will be 
indicated belpw. The remarkable conclusion is that the equation holds 
with the highest degree of accuracy in spite of the fact that the theoretical 
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foundation upon which it was based has now to be regarded as rather 
dubious. The equation is essentially an empirical one for which a 
basis has as yet to be found. 

Regarding the kinetic energy term which appears in the Einstein 
equation above a remark has to be'made concerning the significance of 
the term “maximum”. The point has been emphasised by Richardson 
{British Ass. Report , 1921). “Owing to the fact that the emitted 
electrons may originate from different depths in the metal, and may 
undergo collisions at irregular intervals it is only the maximum kinetic 
energy of those which escape which we should expect to exhibit simple 
properties.” 

A further point c oncerns the significance of the threshold frequency 
v 0 . Richardson {/or. at.) states that if we measuie the threshold 
frequencies for anv pair of metals and at the same time measure the 
contact diffeience of potential Y T () between them then we find that V„ is 
given by— 


where r (l and r,,' arc the threshold frequencies of the two metals. 
Further, we have seen earlier in this chapte r that contact potential can 
be related to thermionic emission, being in fact the difference of two W 
terms, which are theiefoic related closely to the threshold frequency of 
the photo-electric effe< t. That so simple a relation holds is in itself 
somewhat sutpiising. Thus we would expect “the thenmonic value to 
bean average taken over those elections which gel out. The photo¬ 
electric value, on the other hand, should be the minimum pertaining to 
those internal electrons which have most energy.” 

The question of the true basis of the Einstein photo-electric 
equation has engaged much attention but up to the present it has by 
no means been satisfactorily explained. It will suffice to mention here 
a lecenl attempt in this connection made by Whittaker on the basis of 
the Ewing magnetic model dealt with in the preceding chapter. 

“Suppose that light of fiequemv r is incident on a metal. There 
are grounds for supposing {rf. J. J. Thomson, Phil. Mag.. 37 , 434, 1919) 
that in a complex body such as a metal there are systems whose natuiul 
frequencies of vibiation are distributed almost continuously over a wide 
range of frequencies. We shall theieforc suppose that the incident 
light proxokes resonance in a system within the metal, consisting of a 
magnetic wheel linked with a wire cucuit [01 rim] as desetibed he. fit. ; 
so that the system absorbs enug\ from the incident light and the 
magnetic wheel is set in rotation. This absorption of eneigy fiom the 
incident light pioceeds continuously. Suppose now that one of the free 
electrons happens to be in the vicinity of the magnetic wheel : the field 
due to the lotation of the wheel will cause the free electron to be sucked 
inwards to the wheel. If the energy of rotation of the magnetic wheel 
is less than the amount U = hr the fiee electron, after, having been 
sucked in a ceitain distance, will be rejected without passing through 
the wheel or having (in the l^ng run) abstracted any energy from it; 
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but if the energy which the magnetic wheel has absorbed from the 
incident light happens to be at the moment equal to or greater than hv, 
then the free electron will be sucked through the magnetic wheel and 
will come out on the other side, having abstracted energv of amount 
precisely hv from the wheel. Thus "when the energy absorbed by an 
atom of the metal from the incident light amounts to as much as hv the 
first free electron which presents itself is sucked through the atom and 
relieves the atom of the energy hv. The electron, then, ai rives at the 
inner surface of the metal on its way out with energy hv ; it loses energy 
hv () in passing through the surface where hv u is equal to Richardson’s 
product <lv m thermionics; and thus the energy with which an electron 
escapes from a metal illuminated by radiation of fiequency v is h( v - v 0 ).” 

Millikan's F.\ferin/ental list of Einsteins Photo-eh.trie E,/nation (if 
Millikan, Physhal Per., 7 , 3f> -, iqib) 

ICinstein’s equation states that the kinetic energy of the escaping 
election is a linear function of the frequency of the m< ident light. J11 


0 



ordei to test this most rigoiously it is necessary to employ a number of 
frequencies of monochromatic light co\ering as wide a range as possible. 
For this reason Millikan (hose the alkafi metals, since these respond 
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throughout practically the whole of the visible region as well as the ultra¬ 
violet. The choice of such material, however, greatly increases the 
experimental difficulties, since it is essential to work completely in vacuo. 
A diagrammatic sketch of the salient points of Millikan’s apparatus is 
given in the accompanying Fig. 14. 

Cast cylinders of the metals were placed on the wheel W which could 
he rotated by an external electromagnet so as to bring each metal in turn 
opposite the point O at which a beam of monochromatic light was 
incident. Clean metallic surfaces-j-an essential point—were obtained 
by cutting shavings from each metal in vacuo by means of the knife K. 
The energy of the electrons emitted under the influence of the light was 
estimated by applying to the metallic surface a positive potential just 
strong enough to prevent any of the discharged electrons from reaching 
the gauze cylinder opposite (shown by the dotted lines) and thus com¬ 
municating a negative ehaige to the quadrant cleotiometer attached to 
the gauze. For a complete test of the Finstein equation it is necessary 
also to measure the electromotive force between the new surface and the 
test plate S. 'Phis was done by another elec tromagnetic device. 

The results obtained showed that a very exact linear relation obtains 
between the fiequency of the incident light and the applied positive 
voltage. Further, the* slope of this curve should be hfe, and since e is 
known the photo-electric effect should thus be capable of yielding a 
value for //. Owing to the high degree of accuracy with which the 
Einstein equation holds a correspondingly accurate value of h can be 
obtained, the most reliable value, according to Millikan, from this kind 
(if measurement being— 

h 6-50 x io - - 7 erg-sees. 

Selective Photo-Electric Effect. 

Elster and Geitel in 1894 discovered that in certain cases the photo¬ 
electric effect depended upon the plane of polarisation of the incident 
light. The substance examined by them was the liquid alloy of sodium 

and potassium. It was found that 
when light fell upon the surface at 
an angle of 45°, a maximum photo¬ 
electric current was produced when 
the electric vector of the light was 
vibrating in the plane of incidence. 
(Compare, however, the conclusions 
arrived at by Millikan, infra.) Fur¬ 
ther, in this so-called selective effect 
the number of electrons emitted has 
a maximum value for a particular 
frequency of the light This maxi¬ 
mum value occurs at a wave-length 
somewhat shorter thap the threshold 
wave-length (for the noimal effect) 



Fie. 15.—The dotted line indicates the 
normal effect; the maximum, the 
selective efleet. 
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and is not to be confused with A 0 itself. For wave-lengths shorter than 
that corresponding to the maximum emission the selecti\e effect rapidly 
falls off. The relative magnitude of the normal and Selective effects 
are shown in the diagram (Fig. 15). 

The position of the maximum in#the selective effect occurs at the 
wave-lengths given in the following table (quoted fiom Hughes’ Photo¬ 
electricity) :— * 


• Maximum Sck'ctnc 

Substance. htleit Oi_uiis.it 

Rb . .... ^ . . f 70-510^ 

K. tl» 

Na ..... . . 340 

I,i ........ . 2S0 

Ih. . 2 St. 


The same effect is observed when the metals arc in the colloidal 
state in photo-electric cells. Thus the maximum sensitivity of such 
cells occurs at the following wave-lengths :— 


Rb .......... 4 Sc. jj.fi 

K. . 440 

Na.3-0 

Cs.550 


No general agreement has yet been arrived at regarding the relation 
of the selective to the normal effect. As indicating the obscure nature 
of the selective effect, it may be mentioned that YViedmann (Her. d. 
Dcutsch. phys. Gesell ., 18 , 333 (1916)) has found that the presence of 
hydrogen gas is essential to the production of the selective effect in the 
case of potassium. If the metal be repeatedly distilled in vacuo the 
selective effect is removed. It would be erroneous, however, to argue 
from this that the selective effect is accidental, due to some impurity. 
It is possible that in Wiedmann’s cast* a temporary and unstable 
hydride is formed which, on decomposing, leaves the metal atom in a 
chemically activated state—differing as regards its electronic arrange¬ 
ment from the normal atom. Such chemical activation has been 
assumed in other connections. In the present connection all this is 
speculative, however. According to Millikan and Souder (/’roc. Nat. 
Acad. Sci., 2 , 19 (1 y 16)) there is an “ essential identity ” between the 
selective and photo-electric effects, evidenced by the following facts: 
the energy of emission is in all cases given by \mv l = hv - /, where p 
is the work necessary to separate an electron from the surface of the 
metal; the amount of emission is not dependent on the angle of inci¬ 
dence or on the azimuth of polarisation, but solely on the coincidence 
of the impressed frequency witli the natural frequency ; as an active gas 
acts progressively on a fresh surface the nprrnal effect merges gradually 
into the selective. 

As already pointed out in Chap. HI., in connection with the fourth 
method of determining the characteristic infra-red frequency of a metal, 
Lindemann has suggested the following expression for the frequency 
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‘'violet which corresponds to the position of the maximum of the selec¬ 
tive photo-electric effect :— 

rV1 °' et = 2 tt \ »!>-' 

where n is the valency of the atom to which the electron belongs, m the 
mass of an electron and n one half of the distance between two neigh¬ 
bouring atoms. It will he observed that r :i is proportional to the atomic 
volume V of the metal. Hence the greater the atomic volume the 
smaller, uteris paribus , the frequency. This is m agreement with the 
idea that a large atomic \olumc means that the election is less firmly held 
and can therefore be set into movement by a quantum of relatively 
small magnitude, i.e. at a longer wave-length, than is the case with a 
substance of small atomic volume. The above expression can be put 
m a form which is convenient to use by first determining the value of 
the constant outside the square root by comparison with a single experi¬ 
mental determination. Thus Lmdemann writes— 


/ - / V 
I'uiilrl ~ 4 5 l )4 lO 1, j y, OI A., jolcl in fi/j = f‘5 3 y n • 


'file following table indicates the degree of applicability of the 
formula:— 



Atomic Volume. 

Calculated A 

•d A 

Cs 

yu‘6 

550 MM 

550 MM 

Jib 

56'3 

490 

480 

K 

45'° 

43b 

440 

Na 

23'5 

3‘7 

320-340 

la 

I IQ 

2*5 

*iH> 

lia 

3 (l '7 

aht> 


Sr 

31'5 

27 ‘ 


Ca 

2 5'4 

233 


Mg 

‘•I 

172 



Haber (Verb. d. Deutsch. physik. Gesell ., 13 , 1117, 1911) has given 
a very simple and interesting relation between the “ »v, 0 iet ” and the 
Einstein infra-red characteristic frequency of the atoms of the same 
substance, which we may denote by “ »' m fra-red This relation is— 

■ violet 

•'infra-red \ 

where M is the mass of the atom and m the mass of an electron. Haber 
has shown that this agrees extremely well with observed values. Thus, 
using Lindemann’s formula just referred to to calculate one can 

make use of the Haber relation to calculate K,„f ra . re d and compare it with 
the values given by Lindemann’s melting-point formula (for calculating 
•'infra-red)- The results are as follows :— 
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' violet x 10 

. v: 

' mlia-red X 10 

SuliMam.1. 

'infra-red x 10 

Calculated l>> Haber. 

(. aluilaU'd In Limle- 
manu's Mrltin^-point 
Formula. 

j" 

Li . . 

i '27 

* 

11-26 

1 

10*78 

j Na . . 

(.•947 

4'02. 

! 


- 0-685 

2‘55 

I -'•57 

i Kb 

# of) 12 

r 55 

! 1 5 <> 

lev . . 


1*108 

in Is 

I . . . 

o'yofi 

• 1*87 

i r8", 

1 


It is well known that under the action of light, cspei tally ultia- 
violet Ii^ht and X-ra)s, teases condtul electricil}, they become 
ionised l>\ the expulsion of an electron Irom a moleaile, the election 
soon attaching itsdf to a neutial molecule to produce a negative ion 
comparable in mass with the positively charged residue lorined in the 
first instant e. This phenomenon is a further instance ol the photo¬ 
electric effect—probably the analogue of the selects e effect. 

For fuithci info) motion regarding the photo-electric effect, the 
reader is refeired to Allen’s Photo-chctricity or to Hughes’ Photo- 
chd rut tv 




CHAPTER VII. 


(Physico-chemical change in homogeneous systems)—Ionisation and resonance 
potentials—Photochemical reactions • Kinstein’s law of the photochemical 
equivalent—Photochemical sensitisation Thermal reactions in homogeneous 
systems : Reaction velocity from the standpoint of the quantum theory. 

It would Ik: quite beyond the scope of this book to attempt any syste¬ 
matic account of the phenomena associated with the conduction of 
electricity through gases, the mechanism of ionisation by corpuscles or 
elections, by rays (electrons emitted from radioactive bodies) and 
a rays (positively chaiged particles also emitted by radioactive bodies), 
and the liberation of electrons from (or the ionisation of) gaseous mole¬ 
cules and atoms by the action of visible or ultra-violet light or by means 
of X-rays. A very brief description of some of these phenomena in so 
far as they were involved in the question of the deteimination of the 
electronic charge has already been given in Chap. I. of Vol. 1 . together 
with refeiences to further information to the now classical works of 
Sir J. J. Thomson and Sir Ernest Rutherford. We are concerned here 
with a consideration of the magnitudes of ionisation and resonance 
potentials more particularly horn the point of view of possible quantum 
relationships. 

As a starting point we may recall the fact that the passage of elec¬ 
trons through a gas causes the emission of radiation. It is now known 
that one or other of two distinct processes may be involved. These 
are considered below. In general, however, no effect at all is produced 
until the electrons have attained a certain velocity, i.c. a certain minimal 
kinetic energy. In an electric discharge tube the velocity necessary to 
cause emission of light is attained by the electrons (the cathode ray 
stream) before they have travelled far, for they (the electrons) move with 
a positn c acceleration towards the anode. 

Ionisation and Resonance Potentials. 

In dealing with collisions between electrons and molecules or atoms 
it is necessary to distinguish between two kinds , namely elastic collisions 
and inelastic collisions. In the first, the time of contact or encounter 
is very short compared with fhe second. No “ chemical ” effects are 
produced as a result of such collisions, the particles separating in the 
same chemical state and with the same momentum (though not of 
course with the same direction) as they possessed prior to the encounter. 
These are the kind of collisions postulated in kinetic molecular theory, 

< IQ2 
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to account for the behaviour of gases for example. In the second kind 
of collision the time of encounter is longer, the total momentum after 
collision is less than it was before, and there is opportunity of transfer 
of energy between the two particles, which may result in observable 
chemical or physical change. This is consequently the more important 
kind of collision from the standpoint of atomic interaction, ionisation, 
and resonance, etc., and it is exclusively \\*ith inelastic collisions that, 
we have now tp deal. Tale and Foote (/’roc. Nat. A tad. Sci., 4 » 9 
(191S)) point out that “no considerable transfer of energy from the light 
electron to the relatively heavy gas can take place except when the 
time of encounter between electron and atom bears some simple relation 
to the characteristic period of one of the vibrational degrees of freedom 
in the atom. ’ 

Keeping to inelastic collisions it is essential to point out that two 
different types of inelastic collision have been observed in connection 
with the bombardment of a molecule by a moving election. One of 
these under the simplest conditions results in the emission of a radiation 
of a single fiequeney, without ionisation of the gas, whilst the other type 
of inelastic collision ionises the gas and causes it to emit a composite 
spectrum of radiations. The potential which must be applied to the 
freely-moving bombarding electron to give the first type of encounter 
may be termed a resonance potential, that giving the second type an 
ionisation potential. 

The emission of radiation in general is due to the return of an 
electron to its normal position in the molecule or atom. When reson¬ 
ance occurs the electron does not leave the molecule, but is foiced out 
to an outer position or orbit by the act of collision of the molecule with 
the freely moving cathode ray electron which then passes on with 
diminished energy. The molecule is now in an abnormal state and 
quickly reverts to the normal, with emission of the same amount of 
energy as was communicated to it in the first instance by the collision. 
Under the simplest conditions of resonance this energy is emitted as a 
single line of frequency i' r , the energy emitted from a single molecule 
being in fact hv r If, on the other hand, the collision has been suffi¬ 
ciently violent to eject completely an electron from the molecule, a free 
electron is thereby produced, i.e. the gas is ionised and in process of 
time such free electrons will return to positively charged molecules with 
emission of light (a spectrum) thereby reforming uncharged molecules. 
The different lines constituting the emission spectrum are due to electrons 
arriving at different orbits or positions, as already described in Chap. V. 

The quantum theory is most simply applied by considering the 
limiting conditions of these two phenomena of resonance and ionisation 
respectively. Let us take the resonance effect first. Denote by \j2mv 1 
the smallest value of the kinetic energy wJ ich the bombarding electron 
must possess in order to bring about the effect at all. It follows that 
when this energy has been transferred by collision to the molecule the 
bombarding electron will have been practically brought to rest. Under 
these conditions we can equate the kinetic energy transferred at the 
;; VOL. III. 13 • 
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collision to the energy of the radiation subsequently emitted (in the 
return of the molecule to the normal state), i.e .— 

1 12 /nv~ ~ hv r 

The kinetic energy of the bombarding electron may also be written in 
terms of the accelerating potential of the field which, by acting upon 
the electric charge, gives tlYb kinetic energy to the electron. The rela¬ 
tion is— 

cV r — 1 ! 2 r/i?" 

where f is the electronic charge and V r is the potential called the reson¬ 
ance potential of the gas. V, is the smallest potential which is required 
to give to an electron the kinetic' eneigv \J2mv 1 which will just enable 
the electron to bring about the resonance effect in a molecule with 
which it collides. The resonance effect is therefore described in terms 
of the quantum theory by the relation— 

1/2 mv 1 - — e’V r = hv T . 

This expression is obviously closely analogous to Einstein’s photo-electric 
equation. The relation has been tested and \etified by observing the 
wave-length or fiequcncy of the single line omitted during resonance, 
and fiom tins cahulating the potential the value of which is then com- 
paied with that directly obsened. 'The actual methods of measmement 
will be found in the papers leferied to below in connection with indi¬ 
vidual gases. By way of illustiating the applicability of the above 
relation the case of mercury vapour may be eonsideied. The resonance 
potential 1 ol this vapour is found to be 4 - <S volts in round numbers, 
and fiom this it is easily calculated that the corresponding radiation 
should be 254/1/1. approximately. Experiment has shown that this is 
actually the wave-length of the single line emitted by mercury vapour 
when the vapour is traversed by elections whose velocities correspond 
with a potential of 4 S volts. Euithei, in lhis case, there is a sharp band 
in the- absorption spectrum of non-lunnnous mercury vapom at the same 
position (McLennan and Edwards, Phil. J/ay., 30 , 695 (1915)). 

In the above discussion of resonance we have dealt with the pheno¬ 
menon on the basis of a single resonance potential. Experiment has 
shown, however, that there aie two resonance potentials characteristic 
of certain vapours and gases and in the case of mercury there is evid¬ 
ence of a third. Numerical value's will be considered later. Let us 
now pass to the phenomenon of ionisation. 

In the case of ionisation potentials we are dealing in general with 
values which are distinctly greater than those characteristic of resonance, 
the greater values being necessary to cause actual ionisation of the gas. 
In this ease also a quantum relation has been found to hold which is 
in all respects analogous to that which applies to resonance. The 
relation is— 

1/2 mi 1 ” — t‘\\ — hv v 

1 As is pointed out later more than one resonance potential is frequently 
observed. * 
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where i ,2tnv‘ : stands for the minimum kinetic energy which the bom¬ 
barding electron must possess in order to just ionise the atoms of the 
gas, V, is the corresponding potential which is just sufficient to give 
the necessary kinetic energy to the electron, and v t is the greatest fre¬ 
quency of the radiation emitted. A?> a result of such bombardment the 
selection of the greatest or “limiting” frequency for the purpose of 
applying the above quantum relation in this*case is easily understood in 
view of the fact that an ionisation potential, being greater than a leson- 
anee one, the conditions under \vhit;h ionisation can be observed naturally 
involve the concomitant appearance of any resonance effects (emission 
lines) of which the vapour may be capable and will likewise include 
tho'.e wa\e-lengths of emitted radiation which are due to the freed 
electron lelmning, not to the stable position in the molecule, but to 
some of the outer possible positions which are at least temporarily 
stable. The limiting frequency emitted denotes the return of a free 
electron to the position of maximum stability, i.c. to the innermost orbit. 
It will be evident at once that the processes here envisaged are simply 
those which we have already considered in connection with iiohr’s 
theory of, say, the Lyman series of emission lines exhibited in the far 
ultia-Molct by the hydrogen atom. It has been found, in fact, that, in 
the ins-' of t/r alkali metils the ionisation potential of the vapour corres¬ 
ponds with tt/e highest or convergence frequency of a series, called the 
“principal scries," whilst the lowest resonance potential corresponds with 
the first or low. sf member (longest wave-length) of the same principal series. 
In the case of metals other than the alkalis, the resonance potentials 
cone , pond with the lowest (longest wave-length) member of series which 
differ m “spacing” from the principal series and to which other names 
are given. The series referred to, howeier, converge to an upper 
frcqueiv \ limit which is also the limit of the principal series and which 
therefore corresponds with the ionisation potential of the atoms of the 
vapour considered. Thus theoretically from a spectroscopic examina¬ 
tion of the gas or vapour and a determination of the limits of certain 
series of emission lines it is possible to calculate by means of the two 
quantum expressions stated above, the resonance and ionisation poten¬ 
tials respectively. For details of emission spectra and the various series 
into which the lines have been analysed the reader is referred to llaly’s 
Spectrosiopv (in this series of Textbooks) or to N. R. Campbell’s mono¬ 
graph on Series Spectra, or to Foote and Mohler’s Origin of Spectra 
(American Chemical Society Monographs). 

In many cases, e.g. mercury, the ionisation potential corresponds 
with a wave-length which is so short that it would be impossible to 
determine it experimentally except perhaps with a vacuum spectrograph 
and fluorite prism. In such cases the limiting wave-length can be 
obtained by observing the nature of the dines emitted when the gas or 
vapour is ionised and by making use of the appropriate expression for 
the series the upper limit of which should correspond with the ionisa¬ 
tion potential. 

The limiting frequency in the spectrum of a gas or vapour has been 

* 13 * 



196 


A SYSTEM OF PHYSICAL CHEMISTRY 


determined by a direct experimental method which is not limited by 
considerations such as those referred to in connection with purely 
spectroscopic methods. The method referred to is that of Richardson 
and Bazzoni (Phi/. Mag., 34, 285, 1917). The radiation emitted from 
the ionised gas is allowed to strike a metallic target, thereby causing 
in turn a photo-electric emission of electrons, whose velocities depend 
on the frequency of the incident light. By employing a magnetic field 
it is possible to calculate the velocity of the fastest .electrons thus 
emitted, and hence by making use,of the expression: 1/2 mv 1 = hv, 
it is possible to calculate the limiting or maximum frequency of the 
light which caused the photo-electric emission, this light having its 
origin in the ionisation of the gas in the first instance. In this way 
these authors have found that the limit of the helium spectrum occurs 
at 42 to 47 /x/i. The hydrogen spectrum extends down to a limit 
somewhere between 83 and 95 /a/a (probably near 90 /*//.), whilst in the 
case of mercury vapour the limit lies between 100 and 12c /a/a. The 
last value is in good agreement with that obtained by other means, i.e. 
from the magnitude of the ionisation potential. In the case of hydrogen 
the shortest wave-length obtained by the above method corresponds 
with an ionisation potential of 13‘5 volts, whilst the potential calculated 
by Bohr is 13 volts in round numbers. 

In connection with the limiting frequency (which corresponds to 
ionisation) it is also to be noted that the value lies fairly close to the 
so-called dispersional frequency, that is, a characteristic frequency 
(usually occurring in the extreme ultra-violet) which enters into the 
expression for the refractive index of a gas, in which the index is ex¬ 
pressed as a function of wave-length or frequency. From refractive index 
measurements, therefore, carried out in the available region one can 
calculate the dispersional constant and consequently the convergence 
frequency at least approximately. An indirect method of calculating 
the dispersional frequency in the case of a number of gases with a 
high degree of accuracy is gi\en by Baly (Phi/. Mag., 27 , 632, 1914). 

Hitherto we have dealt with ionisation as though there were but 
one ionisation potential. In certain cases more than one ionisation 
potential has been observed, and the phenomenon may well be a 
general one. Thus, in the case of mercury vapour, Goucher (Phjys. 
Rev., 8 , 5^*, 1916) has found two ionisation potentials, at io - 25 and 
19 volts respectively, in addition to the resonance potential at 4^9 volts. 
McLennan (Proc. Roy. Soc., 91 A, 485, 1915) seems to have been the 
first to suggest that more than one type of ionisation is to be expected, 
depending upon the actual nature of the effect brought about by the 
bombarding electron upon the gas atom or molecule. The different 
ionisation potentials where they are known will be considered in 
connect on with individual gases and vapours. 

As illustrating the magnitude of the values of resonance and ionisa¬ 
tion potentials and the extent to which they are m agreement with 
the values calculated on the spectroscopic basis, the data obtained by 
Tate and Foote (Phil. Mag., 36, 75, 1918) and by Foote, Rognley and 
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Mohler (Phys. Rev., 13, 68, 1919) for the vapours of the alkali metals 
are given in the following table :— 

Alkali Mlials. 



Resonance Potential. 1 

Wa\e-k’ti|;ttf 

Iumsation Potential, I 


Metal 





Y\ a\i -leneth 

(Vapour). 



in A°. 



in A J . 

i 

Calculated 

Observed. 


Calculated. 

Observed 


i 

j 

Volt. 



Volt. 



1 Lithium . 

1 *39 

1 

6707-85 

5 "363 

1 

2299-67 

! Sodium 

i 2'OtJ2 1 
1‘2-oyi/ 

: 2T2 

1 5 ^9 5'94 1 

1 58^9-97J 

5-11-2 

' 5 13 

I 

241263 

] Potassium 

( I' 6 o 2 1 

1 i'6oc )J 

: 1-55 : 

1 1 

1 7699-01 | 

1 7664-94 J 

4 ‘ 3 iH 

| 

1 

I 4*1 

1: 

2856-69 

; Rubidium 

i-5«i 

ib 

7800-29 

4 - i 55 

41 

2968-4O 

] Caesium . 

1 '447 

1 '48 

85-21-1-2 

3^73 

3’9 

3184*28 


In the case of other metals the values quoted are due to Foote, 
Rognley and Mohler ( loc. cit.) and to Mohler, Foote and Meggers {Bull. 
Bur. Standards , 16, 725, 1920). 


Me ml. 


1-irst Resonance 
Potential. 


Second Resonance. 
Pott ntial. 


Ionisation Potential 


Arsenic 

Mean resonance potential --- 4-7 volt. 

ii'5 volt. 

Zinc 

4*x8 

■ 5 ,f) 5 

9-3 

Cadmium 

3‘95 

5*35 

9-0 

Meicury 

• ; 47 ft 

6*45 

10-2 

Magnesium 

2-65 

4-42 

80 

Calcium 

I’QO 

2-8 s 

6-or 

Jn all 

these cases there is 

satisfactory agreement 

between the ob- 

served resonance potentials and ionisation potentials 

and the values 

calculated 

fiom spectroscopic 

data. Tile behaviour 

of the metallic 


vapours may be briefly summarised as follows:— 

Corresponding to the three types of collision we have three stages 
in the spectrum as the potential is incieased. At the first resonance 
potential the corresponding line appears alone; above the second 
resonance potential two lines appear, and at the ionisation potential 
the entire arc spectrum appears. It is necessary to point out that in 
the case of such metallic vapours we are dealing with effects produced 
upon atoms as distinct from molecules. 

Symbolically the process produced by the impact of a free electron, 
having the energy corresponding with the resonance potential, may be 
represented as follows :— 


normal atom -> abnormal or activated atom. 
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Similarly, the ionisation process may be represented by— 

normal atom positively charged atomic residue + 0, 

where 0 is the conventional symbol for an electron. A process which 
is closely connected with that of ionisation, but is yet quite distinct, 
is represented by— 

r 

normal atom + 0 -» negatively charged atom. 

*\ 

The energetics of this process, called the affinity of a {neutral) atom for 
an electron, will be considered in Chap. YI 11 . m connection with halogen 
atoms. 

The behaviour of a number of gaseous elements in respect of 
resonance and ionisation will be considered in some detail later. As 
an illustration of the magnitudes obtained m the case of relatively 
complex oiganic molecules the following data clue to Toucher (Phxs. 
Rev., 19 , 189, 1922) may be cited ■ — 

V.ipoui. j Resonance Potential. j Ionisation Potential. 

Htn/ctu- 
Toluene 
Xylene 
Chloiolorm 
I ether 

The hydrocarbons have rouglil) the same ionisation potential, which 
in all ca-.es is lower than that of hydrogen or oxygen [q. T'.). It is not 
unlikely, however, that substances of this kind undergo decomposition 
at the same time and that theiefore the values may not be completely 
characteristic of the substance originally introduced into the vessel. 

The Rare Gases. 

Helium. —The resonance potential of helium observed by Franck 
and Knipping {Physikal. Zeitseh., 20 , 481, 1919) occurs at 20^5 volts, 
which is practically identical with the value 2C4 volts obtained by Horton 
and Miss Davies {/'roe. Roy. Soc., 95, 408, 1919). Fncke and Lyman 
{P/11/. Ma^, 41 , Si 4 , 1 921) have examined the emission spectrum of 
helium m the extreme ultra-violet and have located a fairly strong line 
at wave-length 585 A, which would correspond to a potential of 21-2 
volts, in satisfactory agreement with the resonance potential observed. 

Fianck and Knipping {ioc. ei /.) 1 have found an ionisation potential 
corresponding to the elimination of a single electron from the helium 
atom at 25-4 ± o’25 volts, in-excellent agreement with the value 25-0 
obtained by Hoi ton and Miss Davies {Phil. Max, 40 , 440, 1920). 
Cf. Bohr’s atomic model for helium, Chap. V. The other less aceuiate 

^lore recent data, involving certain corrections, are given by Franck (Zeitseh. 
Physik., 11, 155, 1922). 


fro volts q*G + o’ 1 volts 

O’2 + 0-25 S’5 + o -i 

0’S ro-o 

ft’5 D’5 

0’0 + o’i H’O 
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methods of determination furnish results which are of the correct order 
of magnitude, eg. the method of Richardson ami lluz/oni. A second 
ionisation potential corresponding to the elimination of both electrons 
from the atom has been observed bv Franck and Knipping at 79-5 ± 0-3 
volts. * 

Non .—The minimum resonance potential has been found by llorton 
and Miss Davies ( Proc. Roy. Soc. , 98, A, 1*24, 1920) in the ease of this 
gas to occur 4 it it\S volts, the minimum ionisation potential at 167 
volts. A second resonance potential has also been found at 178 \olts, 
and a second and thud ionisation potential at 20-0 and 22-8 \olts re- 
spectivelv. The existent e of thiee ionisation potentials and two tcson- 
ance potentials indicates that neon differs more fmm helium and argon 
than would ha\e been anticipated. On the usual \ lew the lesonancc 
and ionisation potentials correspond respectively with the lowest and 
highest frequent ies of a certain series of emission lines. It would be 
expected iherefoie that theie should be as many lesonancc potentials 
as theie an ionisation potentials. The fact that onl) two resonance 
potentials appaienlly are found in this gas may be possible due to two 
of them King verj close together, in which ease 1 one might escape de¬ 
tection Anothei possibility is that the ionisation observed at one of 
three ionisation potentials is a spurious effect. The resonanc e potential 
11 8 volts appears to be associated with the ionisation potential 167 
volts, whilst the resonance potential at 17-8 volts seems to be associated 
with the 1 ionisation potential 228 volts. If neon consists of two or more 
constituents having different resonance and ionisation potentials the 
critical potentials 118 and 167 would be ascribed to one isotope, 
the values 17 8 and 22T to the other. 

*trgon .—Horton and Miss Davies (loc. cif.) have also investigated 
this gas. Their final conclusions are that aigon exhibits a re sonance 
potential at 11-5 volts and an ionisation potential at 15U volts. The 
latter corresponds with the wave-length 817 A. T) man has found 
that the- limiting wave-length of the argon spectrum lies very close to 
800 A. The agicement between the two results is satisfactory. 

Diatomic Gases. 

Hydrogen. —Owing to its simple structure and consequently its im¬ 
portance in connection with the various theories of atomic and molecu¬ 
lar structure, hydrogen has been more frequently examined than any 
other substance. A brief review of the principal results obtained by 
various investigators will now be given. The following are those 
obtained by Franck, Knipping and Frl. Kruger (Ber. Deutsch. physikal, 
Ges., 21, 7 2S , J 9iy)- 

First, there is a weak but appreciable ionisation of the gas at 
11 ‘5 ±07 volts. This is ascribed to the ionisation of the molecule 
thus: H T + Q. In support of this view’ it is pointed out 

that the ion formed at this potential is of molecular and not atomic 
dimensions, thereby eliminating the possibility of ascribing the effect to 
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H H+ + ©, which might be expected to occur at a higher potential. 
Sir J. J. Thomson has shown that the individual H 2 + exists in the canal 
rays. 

Secondly, a resonance potential is found at 13 + + 07 volts. This is 
ascribed to the dissociation of the molecule into its atoms followed by 
a further change in one of the atoms which now contains two quanta 
instead of the normal one 'quantum. The activated atom emits the 
first (lowest frequency) line ol the L>man series in the far ultra-violet. 
This potential is written by the authors as (ion + Q) volts, where 
Q — 3 '5 3 ± 0-25 volts. This term is considered later. 

Thirdly, a strong ionisation has been observed at 17*1 + 0-27 volts, 
which is written as (13-5 4- Q) volts. Tins stage is regarded as the 
ionisation ol the hydrogen molecule into an atom, a nucleus and a lree 
electron, thus : 1 L, -> H + 11 + + ©. 

Finally, a new ionisation stage has been observed at the very high 
voltage 30*4 + 0-5, which is written by the authors as (2 x 13*5 + Q) 
volts, and corresponds with the most violent change of which the neutral 
molecule is Capable, namely, ionisation into two nuclei and two free 
elections, thus; II 2 ->2Ud + 2©. 

The quantity, O, namely 3-53 volts, which apparently occurs in at 
least three of the observed stages, is ascribed to the dissociation of the 
hydrogen molecule into neutral atoms. As evidence of the general 
correctness of this view' it is pointed out that 3’53 volts w r ould coirespond 
with 81,300 calones pei gram-molecule of hydrogen, a quantity which 
agrees well with the heat of dissociation of the gas, 85,000 calories as 
determined by Langmuir. A resonance potential at the low value 3*53 
was not actually observed. Its importance would suggest the carrying 
out of the necessary examination. It is of interest in this connection 
to note that Mohler and Foote obtained evidence of a slight resonance 
collision betw een 2 - 5 and 3-5 volts, but the value has not yet been accurately 
fixed. It may perhaps be pointed out that by subtracting stage 3 from 
the final stage relened to above we obtain the value 133 volts as the 
ionisation potential of the hydrogen atom, i.c. the true ionisation 
potential of atomic hydrogen. Bohr’s theory ol the hydrogen atom 
gives the ionisation potential as 13 '54 volts, in very good agreement with 
the value obtained indirectly from the above investigation. It is note¬ 
worthy, that these authors did not observe, directly, an ionisation potential 
in the neighbourhood of 13-3 volts. 

Values diiiering lrom those quoted above have been obtained by 
other workefs. Thus Franck and Hertz, Bishop, Davis and Goucher, 
found somewhat earlier that ionisation sets in at a potential of about 
11 volts, and the latter authors further found a second ionisation potential 
at 15'8 volts which does not find any confirmation in the work of Franck, 
Knipping and Frl. Kruger bu/ is confirmed by the value 15*9 volts 
obtained by Compton and Olmstead (7 hys. Rev., 17 , 45 . 19 * 0 - 
Hydrogen has also been investigated by Horton and Miss Davies 
( [Proc,. Roy. Soc. } 97 , A, 23, 1920) with the following results :— 

First, there is a resonance potential at 10-5 volts. This is presumably 
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the same as that observed by Franck, Knipping and Fil. Kruger at 
io'i volts as a possible resonance potential of the hydiogen molecule. 
Horton, however, ascribes this effect as due to the atom by displace¬ 
ment of an electron from one orbit to anolhet. 

Secondly, a luither resonance potential manifests itself at 13*9 volts. 
Horton ascribes this to radiation fiom the molecule. This is piesumably 
the same as the resonance potential obseived by Fnuu k and his co¬ 
workers at 13-6 volts which they also ascribe to the molecule. 

Thirdly, ionisation is found at 14*4 volts. This \ahie does not 
appear to correspond with any found by other woikcis. It is rather 
striking, however, that 14-4 volts corresponds with the wave-length 84 /a/a 
which lies very close to the accepted value of the dispersional wave¬ 
length for hsdrogen, namely, 86 to 87 fx.fi. Horton ascribes this stage 
to the ionisation of the atom thus* H —> il 1 * -f Q. This value is 
much farther away from the value calculated by Bohi, namel), r3'54 
volts, than is the value obtained by Fianrk. 

Toucher (J } ys. Rev., 19 , 189, T922) finds a resonance potential at 
101 + o*i volts and two ionisation potentials, namely at 13 6 and 
15’6 volts. 

Finally, Mohlcr and Foote (Pull. Pur. Slumlords, 16 , 669, 1920) 
have found a first resonance potential at 10*4 + 0*5 volts, a second 
resonance at 12*2 volts appiox. ; a first ionisation potential at 13*3 + 0-5 
volts and a second at 16-51 + 0 5 volts. 

On the whole the various values observed, with certain exceptions, 
are 111 good agreement with those calculated from Bohr’s theory especially 
as regald.s the atom. The Bohr theory leads to the following results :— 

Resonance for the atom at iciGvolts; ionisation of the atom at 
1 3‘54 volts , ionisation of the molecule at 16*26 volts. The difference 
between the ionisation potential of the molecule (16*26) and the ionisa¬ 
tion of the atom (13*54), namely, 3*24 + 0 5 volts, should represent the 
energ) of dissociation of die molecule into neutral normal atoms. This 
quantity is in fair agreement with the known heat of dissociation, as 
already pointed out. 

Nilrogt 7/.--The early experiments of Franck and Hertz led to the 
value 7*5 volts as the ionisation potential of this gas. In view of the 
known chemical stability of the molecule this value was surprisingly low. 
Davis and Gouchei (J’/tys. Rev., 13 , 1., 1919) showed later that this 
potential did not give rise to ionisation but to resonance. They found 
a more intense type of resonance at 9 volts and a true ionisation at about 
18 volts. 11 . D. Smyth (Phys. Rev., 14 , 409,1919) found a marked reson¬ 
ance effect at 8*29 + 0*04 volts, and evidence of ionisation at about 18 volts. 
Smyth comes to the very important conclusion that the resonance 
potential at 8*29 volts corresponds to the dissociation of the mtiogen 
molecule into neutral atoms. The effe&ive wave-length is therefore 
145/a/x, and the energy of activation 190,000 cals, per mole, a quantity 
gWhich is about tne order one would expect for the heat of dissociation. 
Boucher (Rhys. Rev., 19 , 189, 1922) finds the resonance potential at 
8*4 + o*i volts and an ionisation potential at 15*8 volts. Molder and 
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Foote ( loc. cif.) confirm the general accuracy of previous determinations 
of the resonance potential b) finding tin* value 8'i8 + ono volts. 
These authors find ionisation at i(rej ± o - 5 volts, which is probably 
a fairly accurate value. 

More recently, Smyth (lVa/ur t \ HI, Hio, 1923) has found three 
critical potentials for nitrogen and has likewise determined whether the 
individual concerned is of atomic or of molecular mass. Smyth inter¬ 
prets his results as follows .— , 

N 2 —> N./b + 0 .* ■ ■ lfi'9 volts. 

N., —> N i 1 - + N + 20 . 24-1 + 1 -o 

N, -> 2N 1- + 2©. . . 277 + 1-0 

Owren. —An earl) accepted \aluc for the ionisation potential of 

this gas was 9 volts. Mohler and Foote (lor. at.) ha\e, however, 
cariied out a c.treful 1 (‘vision and find a lesonance potential at 7-91 + 
o"i volts which would correspond with a wa\c-length of 155 //fi l)ing, 
therefore, in the broad and somewhat indefinite region in the extreme 
ultraviolet in which oxygen gas is known to exhibit marked absorption. 
Boucher (Joe. at.) obtained practically the same lesonance potential, 
namely, H - o \olts and also an ionisation at 14-0 volts, whilst Mohler 
and Foote had found ionisation at 15-5 + 0-5 volts. It is noteworthy that 
the dispersionul wave-length, named), Xy&fi/i is equivalent to 14 3 volts, 
which would thcrcfoie seem to confirm Boucher's value. 

Iodine Vapour. —Mohler and Foote (lor. eit.) find the resonance 
potential at 2 34 + 02 volts, and the ionisation potential at to - i +0-5 
volts, (lompton and Smyth (Saen.e, 51 , 571, 1920) find two types of 
ionisation, namely, a very weak ionisation at 8-5 volts which they .ittri¬ 
bute* to the ionisation of the free iodine atoms formed in sensible 
amount b) contact of the vapoui with the hot filament in the experi¬ 
mental tube, and also a very intense ionisation at 10 volts attributed to 
the molecules. The difference, namely, 1 -5 volts, should correspond 
with the net energy involved in the dissociation of a molecule of iodine 
into neutral atoms. This value, when converted into cals, per gram- 
molecule, namely, 35,000, agrees very closel), as it should do, with the 
known heat of dissociation. These authors have also examined this 
vapour in connection with the allied phenomenon of fluorescence. It 
is pointed out that the fluorescence is not usual!) accompanied by 
ionisation, and is therefoic due to the shift of an electron horn a posi¬ 
tion of high to one of low potential energy. The evidence in favour of 
this view in the case of iodine i-. as follows. The neutial molecule, as 
found by Compton and Smyth, requires 10 volts to bring about ionisation ; 
the fluo.escing molecule requites but 7-5 volts when excited by the green 
mercury line. The difference 2-5 volts conesponds with the quantum 
of energy of the mercury line as calculated by the relation eV = hv. 
This result is direct experimental evidence for the existence of mole¬ 
cules with abnormal energy content. g 

In general, in the case of diatomic gases, two distinct kinds of 
molecular ionisation may be anticipated. In the first the molecule parts 



PHOTOCHEMICAL REACTIONS 


203 


with an electron, but preserves its general molecular structure. This is 
the kind of molecular ionisation met with in thega-w's referred to above. 

“ It seems probable that materials capable of ionising in this manner 
should possess a characteristic speed urn,” Mohler and Foote ( /. Wash, 
Acad. Sci., 10 , 435 , 1920). In the sVeond kind of molecular ionisation, 
the molecule breaks up directly into a positive ion and a negative ion. 
This is the kind of ionisation encountered in the case of gaseous hydro¬ 
chloric acid wfwch will be discussed in connection with the eneigetics of 
the crystal lattice (Chap. VIII). i‘ Materials which aie ionised in this 
manner piobably do not possess characteristic spectra in the ordinary 
sense,” except that they exhibit the single line in the far ultra-violet 
cortespoiuling with the act of union of the two 1011s. It may be 
expected that the alkali halides in the state of vapour would exhibit the 
latter kind of ionisation. This would explain the known absence of any 
emission spectrum characteristic of the salt. We would expect instead 
to observe the spectrum of the alkali metal produced by the recombina¬ 
tion of the alkali ion with elections. Further, it is known that the 
flame emission speclium of the metals is suppiessed by an c\< ess of 
halogen This finds a simple explanation on the basis that tin- excess 
of halogen in the flame ultimately gi\es rise to halogen ions in relatively 
large amount with which the metallic 10ns combine rather than with the 
electrons. 

’iioTocitkuicAi. Rkactions. Einstkin's Law Fho ro¬ 

ot kmical Foul VA IJ',NT 

Tin. mo -4 important application of the quantum theory to photo¬ 
chemical processes (i.e. piocesses in which high temperature radiation 
proceeding in a given direction from an external source acts upon a 
material system which is itself at a iclatively low temperature) is that 
due to Fmsteiu and known as the law of the photochemical ei/uiva/ent. 

Awarding to this law a photochemical reaction takes place owing to the 
absorption of radiation, tach single molecule of the photosensitive substance 
ret/Hiring just one ijuantum hv {of the requisite fret/uenev whiih the sub¬ 
stance itselj can absorb) in order that the molecule may be decomposed or 
oihern'ise changed. 

This law was first enunciated by Einstein in 1912 [Ann. I'hviik 1 4], 
37, 832, 191 2). The mode of deduction adopted by Einstein involved, 
however, a consideration ol a mass action equilibrium between the 
photo-sensitive substance and its pioducts of decomposition, the equi¬ 
librium position being altered by exposure to the external radiation. 
As has been pointed out by Ornstein and Burger (Ron. Ahad. Welen- 
chap. Amsterdam, 1920) a true mass action equilibrium can only be 
realised when the temperature of the radiation and the matter is one 
and the same. Under photochemical conditions, as we have alieady 
^seen [cf. Vol. II., chapter on Photochemistry) a photo-stationary slate, as 
distinct from a mass action equilibrium, is set up. It is evident there¬ 
fore that Einstein’s original deduction of the law of the photochemical 
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equivalent is not as satisfactory theoretically as one could wish. Instead 
therefore of following Einstein’s original method we shall follow that 
adopted later by him ( cf Einstein, PhxsikaL Zcitsch ., 18 , 121, 1917) an 
outline of which (in so far as it concerned Planck’s radiation law) has 
already been given in Chapter V., 'in connection with Bohr’s theory, in 
the section entitled : “ Einstein’s use of a generalised Bohr model to 
deduce the radiation law of Planck”. 

Jt will be assumed that the reader is familiar with the mode of 
treatment and the significance of the symbols employed in the section 
referred to. A simple and appaiently sound deduction of the law of 
the photochemical equivalent is then obtained in the following manner. 

Consider the case of a gas at so low a lempcratuie that in the 
temperature radiation (in equilibrium with the matter) the frequency v 
corresponding to the changes 7 . m ^ 7 . n is almost entirely negligible, i.e. 
there is practically no thermal chemical reaction at the temperature con¬ 
sidered. Accordingly in the unitluminatcii gas, the state is very rare 
compared with Z„, and we shall assume that in general almost all the 
molecules of the gas are in the state Z n . Such molecules as happen to 
be in the state A m are assumed to be capable of undergoing a chemical 
elementary change (111 place of, or rathei in addition to, the change 
Z m —> Z n ) analogous to a uni molecular reaction. It is further assumed 
that the velocity of this chemical change is great compared with the 
velocity of the change 7 . m Z n . 

What will happen when the gas is illuminated with radiation of fre¬ 
quency v 7 The molecules will change steadily from state Z n to Z m by 
absorption of radiant energy (E m - E„) = hv, as we have alieady seen. 
These molecules will only to a very small extent, however, pass back into 
the state Z n by spontaneous change or by “negative absorption”. By 
far the greater number will carry out the chemical decomposition, since 
vve have assumed a large reaction velocity for this piocess. Practically 
then hv of radiant energy is absoibed per molecule decomposing, which 
is the law of the photochemical equivalent. 

The identity of the above conclusion (for chemical change produced 
by radiation) with the expressions for the photo-electric el'lect, and for 
ionisation and resonance of gases and vapours, is obvious. It serves to 
show that these apparently diverse phenomenon have this fundamental 
quantum relation in common. 

Passing to the experimental evidence in connection with Einstein’s 
law of the photochemical equivalent vve find a few cases, t\g. the photo¬ 
chemical decomposition of HBr and of HI gases, the photochemical de¬ 
composition of ozone in presence of helium, in which the law is obeyed. 
In many other cases, however, the law is apparently quite inapplicable, 
the amount of chemical change being either considerably greater or con¬ 
siderably less than would be Anticipated on the basis of the energy ab¬ 
sorbed if the law held good. Thus Henri and Wurmser ( Journ. 
Physique [5J, 3, 3 ° 5 , I 9 I 3) found in the case of the photo-decomposi^j 
tion of hydrogen peroxide and of acetone in aqueous solution that the 
amount of energy apparently required was considerably less than that 
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demanded by Einstein’s law ; in fact, only 1 to oa per cent, of the 
theoretical value. Henri and Wurmser believe that the light acts as a 
catalytic agency in such cases, accelerating but not initiating the reaction. 
Such a view is, however, not very helpful. Another case may be cited, 
namely, the photochemical union of hydrogen and chlorine gases, in 
which Bodenstein ( Zcihck. Elfktrochem ., 19 , 836, 1913) has shown 
that the amount of hydrochloric acid produced is far in excess of what 
would be anticipated from the light absorbed provided the law held. 
The reason for this is almost certaigly that advocated by Nernst (,Zcihch. 
Elektrochcm ., 24 , 335) I 9 1 ^), namely that the true photochemical process 
is the decomposition of a chlorine molecule into its atoms, this primary 
process being followed by two secondary processes, namely— 

( 1 + IT —> HL 1 4- 11 4* 23,000 cals, 
and H 4- CL, HC 1 4- Cl 4- 19,000 cals. 

as well as the process, H 4- Cl —> HC 1 . 

It is evident that on this basis a very small number of free chlorine 
atoms pioduccd photochemically will ultimately give lise to a very much 
largei number of hydrochloric acid molecules. This number though 
large will not be infinite, however, because the free chlorine and hydro¬ 
gen atoms will disappear gradually to yield chlorine molecules, hydrogen 
molecules, and also hydrochloric add molecules in terms of the third 
process mentioned above. 

The present position (1923) appears to bctiial Einstein’s law of the 
photochemical equivalent is really exact, but that, (1), in the majority of 
cases the true photochemical process is masked by other concomitant 
processes which occur independently of the external radiation to which 
the system is exposed under typical photochemical conditions, (2) that 
an incorrect estimate of the actual amount of ladiant energy converted 
into chemical change may he made owing to the possibility of an ab¬ 
sorption and a degradation into longer wave (heat) radiation, with con¬ 
sequent rise in temperature of the system as a whole. The first set of 
conditions would mean that the amount of chemical change is much 
greater than that anticipated on the basis of the law ; the second that 
the observed amount of chemical change would be much less than that 
anticipated. Further, Einstein assumes that the photochemical change 
is brought about by effectively monochromatic radiation of a definite 
frequency. As is well known, however, absorption bands exhibit width, 
especially when the concentration or density of the substance is high, 
and experiment goes to show that any wave-length inside a hand is 
capable of bringing about the photochemical effect. It is hardly to be 
expected, however, that all wave-lengths inside a band will be equally 
efficient. To test the Einstein law in the most unequivocal manner it 
would be necessary to choose the wave-1: ngth which includes the head 
of the band exhibited by the substance. 

| It is apparent therefore that a satisfactory test of the validity of the 
Haw is not easy to realise. The use of the term photochemical has per¬ 
haps over-emphasised the necessity of experimenting in what may be 
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called the ordinary photochemical sense, although these were the con¬ 
ditions which Einstein had in mind. The principle ought to hold 
equally well for purely thermal conditions, i.e. conditions in which the 
temperature of the matter and of the radiation interpenetrating it are 
the same. The latter conditions Indeed appear to he better adapted 
for testing the* law not only on experimental grounds but also on 
theoretical. 

An examination of the applicability of the law to so,called thermal 
changes, i.e. photochemical changes,in which the r.idiation and matter 
are at the same temperatuie, is given in the concluding section of this 
chapter. 

A critical survey of the experimental photochemical work which 
has been eanied out in connection with the law of the photochemical 
equivalent is given in Appendix VII. 

/ 3 ho toe hem ini/ Sensi/isa tio n. 

Photochemical or optical sensitisation has already been discussed 
briefly in Volume II. Chapter on Photochemistry. Two of the best 
known instances aie (1) the sensitisation of the photogiaphic plate by 
the addition of a dye which itself absorbs the light to which it is intended 
that the plate should be made sensitive, and (2) the photo-sensitisation 
of certain gaseous reactions on addition of chlorine ( cf. Weigert, Ann. 
T/ivsik, 24 , 243, 1907). Recently the same idea has been applied by 
Raly and his co-workers (/ ourn. C/iem. Sac., 1921 passim) to the part 
played by chlorophyll, the green colouiing matter of the plant leaf, in 
bringing about the union of COo and H.,() to form formaldehyde, 
which in its freshly synthesised form polymerises to sugars. Apait 
from the sensitiser, chlorophyll, the union of CO., and liT) could only 
be brought about by radiation of the extreme ultra-violet region, since it 
is only in this region that these; substances exhibit absorption In the 
presence of chlorophyll, however, the union can be 1 brought about by 
light of tlu> visible spectrum, and it is undoubtedly such light that is 
utilised by the plant itself. 

A simpler case of apparently similar sensitisation has been discovered 
by Franck ( Zcitsch. Thysih, 9 , 259 ; H, 161, 1922), namely the dis¬ 
sociation of molecular hydrogen into the atomic foim by collision of Eh, 
molecules w'ith meieury atoms which are themselves activated by being 
exposed to radiation of A — 25367 A., emitted from a quartz mercury 
lamp. It is believed, on the basis of the thermal dissociation of hydro¬ 
gen as viewed in the light of the radiation hypothesis of thermal 
chemical change (cf. concluding sections of this chapter) that radiation 
of wave-length 3200 A. (and possibly shorter wave-lengths) should be 
capable of decomposing molecular hydrogen into neutral atoms. 
Hydrogen gas, however, is apparently quite transparent for all wave¬ 
lengths in the visible and ultra-violet up to the excessively short wave¬ 
length 1200 A. Consequently no direct photochemical decomposition 
of hydrogen by radiation in the nearer ultra-violet, say 3200 - 2000 A-> 
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is to be expected. But mercury vapour is known to possess an absorp¬ 
tion band with its head at 2536 A., and consequently, Franck argued 
that, if this vapour be activated by exposure to radiation of this wave¬ 
length region, the activated mercury atoms by collision with intermixed 
hydrogen molecules might discharge*their excess energy into the h)dro- 
gen molecules at the moment of collision and so bring about dissociation 
of the hydrogen. Possibly a collision is a favourable circumstance for 
such transfer, although it is not quite clear whether the energy transferred 
is actually in the form of radiatiop or not. (Franck himself does not 
regard the transfer of encigy as taking place via radiation.) By the use 
of an oxide (reducible by atomic but not by molecular hydrogen) present 
in the experimental vessel it was shown that dissociation of the hjdrogen 
molecules actually takes place. It is evident that this type of photochemical 
induction may find wide application in bringing about photochemical 
change, which cannot be brought about by direct exposure to radiation 
as ordinarily employed, if at the collision the transfer is actually radia- 
tional, localised so as to be equivalent to an extremely high radiation 
density, then the results obtained serve to indicate that the absence or 
apparent absence of a band due to its extreme narrowness is not an in¬ 
fallible guide to the non-deeomposability of a molecule. On this point, 
however, we know almost nothing. 

Thermal Rkactions im l Iomogknkous Systems. Rkk i ion 
Velocity ikom hie Standpoint or the Quantum Theory. 

By the term thermal reactions is meant reactions of the “ culinary’’ 
kind which proceed without being exposed to any definite external 
source of short-wave ladiation such as we meet with in the so-called 
photochemical reactions. The fundamental difference between the 
two kinds of reaction is the fart that in photochemical reactions, as 
ordinaril) cunied out, the temperature of the active radiation is very 
mu< h higher than the temperatuie of the material system affected, whilst 
in the case of thermal reactions, the temperature of the radiation in so far 
as this is effective is identical with that of the material system itself. 

Photochemical phenomena have demonstrated the fact that chemical 
change can be brought about as a result of absorption of radiation in 
the short-wave region. We are led to generalise this and to seek in 
radiation of longer wave-length the ultimate cause of ordinary or thermal 
reactions as well. It is obvious that every material system, in viitue of 
its temperature, contains radiation at the same temperatuie as that of 
the matter itself. Under ordinary conditions, /.<*. at ordinary tempera¬ 
tures, this radiation is mainly of the infra-red type. Theoretically, 
wave-lengths belonging to all regions of the spectrum are present, but 
it is only the infra-red region which contributes a sensible amount of 
energy. It is well known that electro-magnetic properties of substances, 
e.g. the dielectric constant, are intimately connected with the radiation 
density in the material, and further, such properties have a marked effect 
upon the chemical reactivity of molecules, c.g. the electrolytic dissociat¬ 
ing power of solvents which possess high dielectric constants. This 
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suggests, therefore, that infra-red radiation is at least one of the sources of 
the energy which is required to bring about ordinary or thermal reactions. 

The suggestion, that the existence of photochemical change (using 
the term in its ordinary sense as referring to effects produced by short 
wave radiation) may be used as an argument for attributing all chemical 
change to radiation, seems to be due, in the first place, to Trautz ( Zeitsch . 
f. wis v. Plwtogr ., 4 , 1906/. Tr.iutz’s suggestion remained, however, 
relatively unfruitful, due no doubt to the fact that at that time the 
quantum theory had not begun to attract much attention, and Trautz 
himself did not apply it till later (Trautz, Zeitsch. anorg. Chem., 102 , 8r, 
r 9 t 8). 

In 1911 K. Kruger advanced the view that infra-red radiation was 
the cause of such phenomena as solution pressure, dissociating power 
of a solvent, electrolytic dissociation and solubility of a solute. This 
is dedt with in Chapter IX. Kruger did not, however, consider the 
question of chemical kinetics or the influence of temperature and of 
catalysts upon velocity constants. 

The first definite argument pointing to the necessity of regarding 
radiation as playing an essential part in chemical change is due to 
Perrin (1913) {cf Les A tomes, translated into English by D. El. 
Hammick, 1916). Perrin there takes up the c rucial case of the uni- 
molecular piocess. The argument is given below in Perrin’s own words. 
(It should be noted that Perrin uses the term light to denote* radiation in 
general.) 

. . . “the rate of dissociation at constant tempeiatuie, in unit 
volume of a gas A, for a reaction of the following kind :— 

A -> A' 4- A" 

is proportional to the concentration of the gas A and cannot be altered 
by the addition of other gases to the reacting system. 

“ In other words, for a given mass of the substance A, the proportion 
translormed per second is independent of the dilution; if the given mass 
occupies ten times more space, its concentration then being ten times 
less, then ten times less will be transformed per litre, or just as much 
in all as before dilution. Thus, contrary to what one might have 
expected, the number of impacts has no influence on the rate of dis¬ 
sociation. Out of the given N molecules of the gas A, always the same 
number will decompose per second (at a given temperature) whether the 
gas is relatively concentrated or mixed with other gases (in which case 
impacts will be frequent) or whether it is dilute (when impacts will be 
rare). . . . Molecules do not decompose by striking against each other 
and we may say : The probability that any molecule will be ruptured does 
not depend upon the number of impacts it receives. 

“Since, however, the ratetof dissociation depends largely upon the 
temperature, we are reminded that temperature exerts its influence by 
radiation as well as through molecular impact, and we are faced with 
the suggestion that the cause of dissociation lies in the visible and 
invisible light that fills, under stationary' conditions, the isothermal , 
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enclosure wherein the molecule of the gases under consideration are 
moving. 

“ The essential mechanism of all chemical reaction is therefore to he 
sought in the action of light upon atoms." 

[Lindemann, on the other hand fTrans. Faraday Soc., l\ut III., Vol. 
17 , 1922), has pointed out that the observed ummolecular process might 
be accounted for by supposing that “a molecule after acquiiing by 
collision the increment of energy necessary for decomposition, did not 
necessaiily decompose at once, but that on the average a certain time 
elapsed before an activated molecule decomposed, during which it might 
be de-activated by a further collision. If the number of molecules 
entering and leaving the active state per second is large compared with 
the number undergoing chemical change, 1 then the supply ol active 
molecules is maintained constant though the total concentiation be 
varied over a wide range. At some sufficiently small concentration, 
however, the liequency of collision between molecules would become 
too small to maintain the supply of active molecules, and a falling otf in 
the velocity constant would result.”] 

To render the radiation hypothesis applicable it is necessary to 
express it in terms of the quantum theory. This was done inde¬ 
pendently by Peirin in a paper, the publication of which was delayed 
until 1919 [Ann. de Physique , p. 1-108, 1919), and also by W. C'. MeC. 
Lewis (Trans. Chem. Soc., 1914 onwards). The methods of tieatment 
have much in common but are by no means identical. The main idea 
common to both is that Einstein’s law' of the photochemical equivalent 
(ai cording to which one quantum of absorbable radiation causes one 
molecule to decompose or react) is applicable to thermal read ions as 
well as to photochemical. The present position of the radiation 
hypothesis will be gatheied from a discussion on “Catalysis with Special 
Reference to Newer Theories of Chemical Action,” 'Trans. Faraday Soc., 
17 , Part III., 1922. 

In the outline given below it will be observed that we are concerned, 
in the first place, with a statistical result (independent of quantum 
mechanics) referring to the internal energy of molecules, and then with 
the conditions of reactivity on the radiation hypothesis. 

The Concept of Critical Increment or Energy of Activation. 

For our present purpose the most significant phenomenon associated 
with thermal changes is the influence of temperature upon the reaction 
velocity, the velocity constant increasing three or four fold lor a rise 
of xo° in the neighbourhood of room temperature. An effect so great 
as this cannot be accounted for .simply on the basis of an increase 
in the average kinetic energy of translate n of the molecules, for in the 

J It will be observed that the assumption made here regarding the relative speed 
of chemical change and of reversion to the normal reactant state respectively is pqf- 
cisely the opposite of that made above in deducing the law of the photochemical 
equivalent. 

VOL. III. 
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most favourable case this increase would not account for more than 
2 per cent, of the observed effect, and it might be argued that the 
kinetic energy effect would not even be in the right direction. We 
shall assume, however, for the sake of argument, that the change in 
kinetic energy would be in the right, direction. 

On the basis of Maxwellian distribution of velocities we know that 
whilst the* average increase »in kinetic energy for, say, a ten degrees rise 
in temperature is negligibly small, tin. re must be a small fraction of the 
molecules with an exceedingly gieat kinetic energy, which fraction will 
increase with temperature relatively rapidly, and it might be aigued that 
these molec ules with exceptionally great kinetic energy of translation are 
the chemically active ones. Perrin lias shown, however, that the average 
life of a molecule is quite independent of kinetic energy eonsideiations 
and consequently even the lastest moving molecules are not more likely 
to be chemically active than the slow ones. In view ol Perrin’s con¬ 
clusion, however, we may be justified in eliminating kinetic energy of 
translation from our eonsideiations. This is tiue without qualification 
lor unimolecular processes. I'or bimoleculai processes (in which the 
kinetic energy of translation which leads to c ollisions makes union or 
reaction between two molecules possible at all although it does not 
determine whether a collision shall he chemnally effective) the i.de of 
reaction at a given temperatuie does depend upon the average speed of 
a mulct ule, /.<■. upon the average collision frequency, hut .is alieady 
pointed out, even in the most favourable case, the increase in chemical 
rate due to this factoi is only about two per tent, of tin obseived effect 
produced by the rise in temperature. 1 fence even in bimolecular 
processes eonsideiations of collision frequency arc only of minor 
importance in iexpect of the total influence exerted by alteiation in 
temperatuie. L ius is luither borne out by the expeiimental fact that the 
obseived influence of temperature upon teactuai velocity is much the 
same for a unimolecular process as it is foi a bimoleculai jmxess, being 
in fact somewhat greater foi the unimolecular. 

To account for the influence of temperature upon chemical velocity 
constant, therefore, from tonsuieralions /nisei upon the molecules themselves , 1 
since we have seen that kinetic energy of translation is inapplicable, we 
are loiced to conclude that the effect is due to alteration in the internal 
energy of the molecule; in other woid*., that it is the internal energy 
which determines whether a molecule is chemically reactive or not. 
(In the ease of bimolecular processes the question of orientation at a 
collision might likewise he a determining lactor; nothing is known at 
present (1923) about this aspect of the problem, beyond the fact that, in 
the case of the bimolecular decomposition and reformation of gaseous 
hydrogen iodide, orientation considerations seem to he unnecessary, 
since the observed chemical triced can he accounted for without having 

1 Considerations based upon the molecules themselves, /.<■. upon their state or 
py>perties, may be justified by the results to which they lead, but they are obviously 
incomplete in that they do not oiler an explanation ol the existence ot the postulated 
physical or chemical state or attributes. 



CONCEPT OF CRITICAL INCREMENT 


211 


recourse to them (cf Lewis, Trans. Chem. Soe. , 113 , 471, 1918). It 
might he argued, however, that in this ease the molecules which react 
are of so simple a structure that orientation would not entei sensibly 
here.) 

At first sight the substitution of internal cnergv considerations in 
place of kinetic energy considerations appears to have little advantage, 
loom measurements of specific heat it is known that, on the average, the 
increase in internal energy per degree rise in temperature is not large. 
Jn the simplest case the increase iu internal energy varies directly as the 
absolute temperature, and hence a rise of ten degrees would cause an 
increase of approximately 3 per cent, in the average internal eneigy at 
ordinary temperatures. The observed influence of tcmpeiature upon 
the velocity of chemical change cannot be ascribed, therefore, to the 
average increase in internal energy. When heat is added to a body, 
however, the eneigy does not distribute itself evenly among the 
molecules; instead, some iccerve no energy, others a moderate amount, 
and a very few receive excessively gieat amounts of energy. It would 
seem, therefore, that chemical reactivity itself as well as the influence of 
temperature on reaction velocity is to be sought m the laet that a vefy 
small number of molecules contain at any moment an abnormally large 
quantity of internal energy. As the temperatuie is raised th v proportion 
of such molecules increases rapidly and such molecules can be legarded 
as the ( hemically reactive ones. (The term “reactive "as used here is 
to be distinguished from the term “active” used later in connection 
with physical isomers.) 

loom this point of view the iate of a unimolecular piocess is directly 
proportional to the number of reactive molecules per unit volume, the 
proportionality factor in this case being quite independent of temperature. 
In the case of /////molecular change it is difficult, as a matter of fact, to 
say whether molecules in the reactive stale possess a real existence as 
distinct from the resultant molecules. We are here thinking of a simple 
unimolecular dissociation involving the separation of two of the con¬ 
stituent portions of a molecule. If the act of separation is catastrophic 
we could deny the existence of the active form, since this would only 
represent a momentary phase through which the molecular system 
passed on its way in the act of decomposing. No physical distinction 
would appear to be possible between reactive resultants and reactive 
reactant. 

If the reactive state, in a unimolecular change, be regarded as /'//- 
capable of independent existence, it would follow that the rate at which 
the molecules become reactive (i.e. the number whose internal energy 
content attains a certain limit per second) is identical with the observed 
rate of chemical change. If, on the other hand, the reactive state is 
regarded as being capable of independent existence, this would imply 
that the rate at which the molecules become reactive is greater than 
(and may be much greater than) the rate at which the reactive form 
undergoes chemical change into resultants. It would imply further that 
the condition which determines the number of molecules attaining a 

14* 
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certain internal energy content per second is not in itself sufficient to 
determine the rate of the chemical process, since some other condition 
is required to determine the probability of decomposition of the reactive 
forms. It must be confessed that at present (1923) no general agreement 
has been reached on the question.* The assumption that the rate at 
which the reactive state is attained is identical with the chemical rate 
observed is the simpler of the two possibilities, but that of course is not 
decisive. 

In the case of bimolecular processes there seems little doubt but that 
reactive molecules have a real independent existence, the observed rate 
of reaction being directly proportional to the frequency of collision 
between the reactive individuals. The proportionality factor in this 
case is, however, not wholly independent of temperature, since it 
measures the probability of collision and this in turn varies as the square 
root of the absolute temperature. It is to be observed that this state¬ 
ment, regarding the part played by collision frequency and consequently 
by the kinetic energy of translation, does not contradict the conclusion 
arrived at above to the effect that a collision per se does not endow a 
molecule with chemical reactivity. The temperature determines the 
number of reactive molecules in existence (in a bimolecular process) as 
well as the frequency of collision ; only a very small fraction of the total 
collisions is chemically effective. We have now to consider how the 
above conceptions can be expiessed in a quantitative form. 

By treating the problem of reaction velocity from the point of view 
of statistical mechanics as applied to internal energy it is possible to 
correlate the velocity constant with the temperatuie, as has been done 
by Marcelin (1913) {cf Ann. de Physique , 3 , 120, 1915), and later in a 
more exact manner by J. Rice (. lint . Ass. Rep., 1915, p. 397). 'lhe 
relation between the observed velocity constant h and the absolute 
temperature T for a simple type of gaseous reaction is shown by Rice 
to be— 

d log kjd’Y == (E + *T)/RT 2 
or approximately d log kfd'Y = E/RT*. 

In deducing this expression it has been assumed that a molecule reacts, 
i.e. decomposes immediately (reactive state as distinct fiom resultant is 
non-existent), when its internal energy has been raised to a certain 
critical value which is in general large compared with the average 
internal energy of the molecule. This critical limit is known as the 
critical energy of the molecule. The term E denotes the difference 
between the critical energy and the average or mean internal energy 
reckoned per gram-molecule. E may therefore be called the critical 
increment or energy of activation; E denotes the amount of energy 
which has to be added to mate an average [gramj-molecule react. It 
is at this point that the radiation hypothesis of chemical reactivity 
enters, the assumption being that the quantity E is contributed by the 
absorption of infra-red radiation of a given frequency which the sub¬ 
stance is capable of absorbing.^ It is assumed that the communication 
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of this energy is governed by quantum mechanics as applied to 
radiation. A different view of the mechanism of energy-transfer will 
therefore be taken according as we assume the validity of Planck’s first, 
second, or third formulation of the theory (cf Chap. II.). 

If the reaction, whether unimolecular or polymolecular, he re¬ 
versible, it follows, on the statistical basis of the expression, that the 
reactive resultants have exactly the same 'critical energy> as the reactive 
reactants. T^is does not mean that the E term is the same for both 
reactant and resultant. . 

Granted that the critical increment is clue to radiation, and further 
assuming that a single quantum is capable of accounting for the K of a 
single molecule, it can be easily shown from a knowledge of the magni¬ 
tude of the temperature coefficient of a reaction, that the effective 
radiation must belong to the short infra-red region, i.e. of the order 
1 to 3/A, in the case of reactions which occur with sensible velocity at 
ordinary temperatures. 

It will be observed that the Marcelin-Rice equation is identical 
in form with the equation d log k/d'i' — A/RT-, where A is a constant 
having the dimensions of energy, an equation first proposed by Arrhenius 
in iSSt/ ( Z’’itsc!i . physikal. Ckem., 4 , 226), and which is known to be in 
good agiecment with experiment. (The applicability of the equation of 
Arrhenius lias already been discussed in Yol. I.). The treatment under¬ 
lying the Marcelin-Rice equation attributes a certain physical meaning 
to the term A, provided A and E are identified. A somewhat different 
meaning was attributed to the A term by Arrhenius himself, which raises 
a consideration of great importance. 

Perceiving the close analogy in form between the equation of van’t 
Hoff, namely, d log K///T = () V /RT J (where K is an equilibrium constant 
and Q,, is the nett heat absorbed at constant volume in a chemical pro¬ 
cess obeying the law of mass action), and the equation d log kjd T =» 
A'RT”, where k is a velocity constant, Arrhenius was led to regard the 
A term as essentially similar in meaning to the Q v term, ie. A was re¬ 
garded as the nett heat absorbed when one mole of “ inactive ” molecules 
became transformed into one mole of “ active ” molecules, these being 
the terms fiist used by Arrhenius. In this sense A is called a heat of 
activation. If this is correct, it implies that the active and inactive forms 
of one and the same chemical substance are to be regarded as “ thermo¬ 
dynamically distinct ” substances. In other words, the active and in¬ 
active forms are physical isomers, i.e. the distinction between them 
although real cannot be expressed, as in the case of chemical isomers, by 
attributing a different grouping and attachment of atoms in a molecule. 
Physical isomers cannot be represented by different structural formulae 
such as are employed to differentiate chemical isomers. 

We are dealing with a more subtl* distinction, dependent not on 
different points of attachment but on a different spatial configuration, 
in the sense that one physical isomer would be a more “ distended ” 
form than another physical isomer. It is in this sense, and in this sense 
only, that we speak of them as having different structures. Naturally 
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such distension involves alterations in the intensity and direction of the 
inter-atomic forces. This aspect of the difference is considered in 
more detail later in connection with the force field theory of chemical 
reactivity. 

The change from one physical •isomer to the other, assuming for 
simplicity that there are hut two composing the whole of the substance 
examined, is hi ought about. a*s suggested by Anhenius, as a consequence 
of energy absorption or evolution. The important question arises as to 
whethei the distinction between and existence of the physical isomers is 
solely one of energy or whether physical structure in the sense alluded 
to above is to be considered as well. In other words, are the: concepts 
of energy content and physical structure to be regarded as distinct from 
one another, or is stiueture simply the dependent concomitant of a given 
energy content? If the latter view is correct then the existence of a 
limited number of physical isomcis, say two, would mean an almost in¬ 
conceivable mode of distribution of internal energy, in that such energy 
would have to be regarded as distributed in two and only two ways in 
respect of amount, for of course if the internal eneigy were: distributed 
(as one would in gcneial expect) m a very large number of unequal 
amounts this would mean—on the basis that energy content as such 
sufficed to distinguish one- isomei fiom another—that a correspondingly 
large number of physical isomers were capable of existence, a \ie\v wfuc h 
is fatal to the concept of distinct phy-ual isomeis hunted in number. 
It would seem necessary, therefore', to make a real distinction between 
physical struct me and eneigy content, (Incidentally it would be some¬ 
what easier to contemplate this distinction in teims of an essentially 
static atomic stiueture such as that of Lewis and Langmuir than it would 
be on the lusts of a dynamic one such as that of liohr.) 

The same conclusion is ariived at if we return to the meaning attri¬ 
buted by Arrhenius to the A term, namely the heat of actuation of the 
inactive form. As thus employed the A term is completely analogous 
to the nett heat term which governs the variation with temperature of 
the equilibrium constant of a chemical reaction in the oidinary sense. 
In the latter case the heat of leaction at constant volume is defined 
thermodynamically as the difference between the average internal energy- 
contents of the reactants and resultants. The use of the term average 1 
implies that there is a statistical distribution of internal energy content 
amongst the molecules of the reactant as well as of the resultant, in 
which a very few molecules possess an abnormally high 01 an almoimally 
low energy content. If we transfer this idea to the case of the conver¬ 
sion of an inactive physical isomer into a so-called active one—as we 
are bound to do it the A term i-> really analogous to a Q„ term—it 
would necessarily follow that the molecules composing, say, the inactive 
form are similar to one another*-in physical structure but possess veiy 
different energy contents, the average of which is low, whilst the mole¬ 
cules comprising the active form are also similar to one another in re¬ 
spect ol struetuie (which differs from that of the inactive form), but again 
have a statistical distribution of energy, the average value of which is 
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high. In so far, therefore, as we can come to any definite conclusion in 
the matter at all it would seem necessary to believe—provided physical 
isomers, limited in number, exist at all—that these are thermodvnamic- 
ally distinct in respect of physical structure, but that such distinction 
does not necessarily imply that a given individual molecule of one isomer 
at a given moment of time shall have a different eneigy content from an 
individual molecule of the other isomer. 'This conclusion, as will be 
readib seen, indicates that the teim active has been employed by different 
investigators in a somewhat ambigyous sense. It seems generally agreed 
that before a molecule can become chemically reactive its energy con¬ 
tent must have attained a certain value. If this is so, then all the 
molecules of the so-called active isomer are not chemically reactive, since, 
if the pieceding argument is correct, an active molecule has not 
necessarily attained the requited eneigy content, although the majority 
of the active molecules will be reactive because their average internal 
energy has, by definition, attained the necessary magnitude. 

In the above we have been considering the question of active and 
inactive states in terms of the postulated existence of a limited number 
of distinct physical isomers. For the sake of making the contrast clear, 
let us revert to the wholly different concepts underlying the Marcelin- 
Riee equation, which tacitly assumes that a given ^distance is a thermo¬ 
dynamic,illy single entity. This equation is based on classical statistical 
mechanics which means that all values of internal energy-content aie 
taken as possible, i.e. the gradations of energy-content are continuous. 
This is equivalent to saying that there is a semi-infinite number of 
physical isomers (if energy content were taken to define an isomer com¬ 
pletely) and to say this is equivalent to discarding altogether the con¬ 
cept of such isomers as theimodynamically distinct forms. The point as 
to whether it is justifiable to treat a fraction of the molecules of a 
homogeneous unary substance as thermodynamically distinct from the 
remainder is teferred to by Tolman (Journ. Amcr. Cla m. Sac., 42 , 2506, 
11)20) It would certainly seem to be quite unjustifiable. The Mari elin- 
Rtce considerations, in fact, give no information one way or the other 
as to whether one or more distinct physical isomers exist m a given 
system. If a few, say two, isomers do exist, and if one of these is called 
active with respect to some chemical change which the substance can 
undergo, then the Mareelin-Rice equation is to be taken as applying not 
to the observed velocity constant of the process but to the rate at which 
f he inactive form changes' into the active. The E term which appears 
in the Marcelin-Rtce equation is the ciitical increment of the inactive 
form, i.e. the energy which must be added per mole* of inactive form (in 
the average state as regards internal energy) in order to transform it into 
an average mole of the active form. This would mean that numerically 
the E term is identical with the A tew 1 m spite of the fact that the 
velocity constants which appear in the equation of Marcehn and of 
Arrhenius are different, the first referring to the rate of activation of the 
inactive form, the second to the rate of the subsequent chemical re¬ 
action. Although A and E may thus have the same numerical value it 
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is to be remembered, however, that they represent different concepts, for 
the A term, which is identified with a Q term, is therefore given in 
general by the difference between two opposing E terms, one of which, 
however, in the case envisaged appears to be zero. The relation of E 
to a heat effect is discussed in Chap/ IX. It need scarcely be emphasised 
that the A term, although identified with a heat effect, must not be 
identified with the true netf heat effect of the subsequent chemical pro¬ 
cess. The nett heat effect of the latter is in fact the difference of the 
E terms of reactant and resultant, and, consequently, numerically the 
nett heat effect of the observed process is the difference of two opposed 
A terms. 

The Arrhenius treatment implies, as already mentioned, that the active 
form (in respect of its average internal energy content) requires no further 
addition of energy to enable it to take part in the chemical change. The 
number and kind of physical isomers characteristic of a given substance 
determine to a large extent the number and kind of reactions in which 
the substance can take part. If the substance happens to exist in only 
one physical state, then the concept of physical isomer does not enter 
and the substance as a whole has to be treated directly in terms of the 
Mareelin-Riee equation. 

In considering the Mareelin-Riee equation attention has already been 
called to the difficulty presented by the unimolecular process, namely, 
as to whether the molecules which have received the necessary amount 
of energy have a finite life or not. Precisely the same difficulty presents 
itself when the matter is viewed from the standpoint of actual distinct 
physical isomers. As already mentioned, the problem is not as yet solved. 
It is somewhat significant perhaps that the cases to which the concept 
of physical isomers has been applied, have involved ultimately poly¬ 
molecular inactions. In such cases there is no particular difficulty in 
envisaging the real existence of active molecules whethei these are 
characterised only by having high energy content, or characterised by 
high internal energy content and special physical structure. 

Viewed from the standpoint of mechanics it is evident that the 
Muroclin-Rice treatment is more fundamental in character than is that 
based solely on the existence of physical isomers. The attempt to com¬ 
bine both ideas is made above, because possibly it gives a more general 
picture than either concept alone can afford. Thus assuming that, say, 
two physical isomers actually exist, one of which is termed active the 
other inactive, it is evident that the problem of accounting for the in¬ 
fluence of temperature upon an observed velocity constant involves the 
effect of temperature upon the equilibrium constant between the active 
and inactive forms, and this in turn could be analysed into two opposing 
velocity constants at least one of which (namely that governing the 
change from the inactive to the active form) is affected by temperature 
in terms of the Mareelin-Riee equation. The active form, or to speak 
more precisely, the major portion of the active form, is, as already pointed 
out, chemically reactive in respect of the subsequent observed chemical 
change. 
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The treatment of the problem of the effect of temperature upon an 
observed velocity constant, as outlined above, on the basis of the real 
existence of physical isomers may be put in a quantitative foim as 
follows:— 

Neglecting for the moment tlte difficulty already alluded to in 
connection with unimolecular processes, we shall choose such a pro¬ 
process for the sake of simplicity of treatment, *>., we are assuming for 
the moment th^t the active form has a real existence even in the case of 
unimolecular change. The two founts, active and inactive, are assumed 
to be in mass action equilibrium with one another, this equilibrium 
being attained practically instantaneously. Denoting the equilibrium 
constant by K, we have 


whence, 


K = [actives] / [inactives] 


d log K / JT = Qo/R'D 


where Q 0 is the heat absorbed in transforming one gram-molecule of the 
inactive into the active form. Q 0 is to be distinguished from tire 
observed heat of the subsequent reaction, which is in fact the diffetonce 
of two opposing Q 0 terms. We shall assume further, with Arrhenius, 
that the concentration of actives is small compared with that of the 
inactives. Then— 

observed rate of the unimolecular process £ obs> x [total reactant] 
or observed rate = ^ obs . x [inaetives], 

where /’ obs . is the observed unimolecular velocity constant. 

Regarding the same process from the point of view of the active 
form of the reactant w r e can write— 

Observed rale of the unimolecular process = k () x [actives], 
W'here k {) may be regarded as the true unimolecular constant of the 
reaction. It follows from the above relations that, 

— ^obs. [inaetives] / [actives] 

~ ^’obs, / R- 

On taking logarithms and differentiating with respect to temperature we 
obtain— 

d log /G 0 / rfT = d log k ob ,JdT - d log K / dT. 

Writing d log ^ obs / if£ = A/RT- (equation of Arrhenius), and 
^ log K / ill' = Q 0 / RT*, 

we obtain— 

d log A 0 j dT — AI RT- - Q 0 / RP. 

Since k„ refers to the velocity in terms of actives it follows that 
itself will not vary w’ith temperature, so that the term on the left-hand 
side of the above equation is zero, and consequently we obtain the 
Arrhenius result— 


A = Qq. 
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Naturally if the active form (in the Arrhenius sense) can revert to the 
inactive form, without first receiving an increment of energy, it would 
follow that the E term of Marcelin and Rice becomes numerically 
identical with A or Q 0 , although the physical meaning of E has to be 
distinguished fiom the physical meaning of A. 

It may be remarked that since we are regarding a very limited 
number of physical isomers as possessing real existence, it would 
follow that in certain cases or under special conditions the material 
examined might conceivably exist ijn one form only, usually the so- 
called inactive form, or more probably whilst existing in two forms the 
change over from inactive to active might be slow. Such behaviour 
may be the cause of the lemarkable physical properties found by Baker 
( J'. C/iem. Soc., 121 , 5^8, 1922) for certain liquids. It may be lecalled 
that Arrhenius himself regarded a subslam e as consisting mainly of the 
inactive form but that the change over into the acti\e form was lapid. 

In view of the somewhat tentative nature of the conclusion to which 
we have come as regards distinct physical isomers, it is of importance 
to take into account other evidence which bears upon the question of 
the existence of isomer', as distinct entities. This is afforded by the 
work of E. ( 1 . ( 1 . Italy on the basis of spei troseopic observations. 

The Lone-Field Theory of Chemical Rcaciivity. 

( Cf. Baly, Joitrn. Amer. Chcm. Soc., 37 , 070 , 1915 (a sumniansing 
paper); also Phil. May, 40 , 15, 1920. In both pa pci s references 
to other publications aie gi\en. Cf. also Stark, “ Atomd)namik '’.) 

It has long been believed that there exists a definite (orrelation 
between the piimary chemical structure of the mole< ule and the t\pe of 
light absorption which it exerts. This lias been maintained notably by 
Hants/eh who when he succeeded in preparing five dilTcicnlly coloured 
alkali metal salts from one colourless acid attributed essentially diffeient 
structural formula: to them all (Hantszch, Ber., 42 . <)hf>, iqoy; ihid., 
43 , -45, 1910). Later, howexer, the same investigator obtained a 
number of different modifications of w-mtroaniline and was forced to 
confess that there was not enough diffeient formula: denoting chemical 
isomeis to go round {Ber., 43 , 1662, 1910). 

Baly’s interpretation of the spectroscopic results obtained by him 
and other investigators leads to the conclusion that a given l\pe of 
absorption neither indicates nor is accounted for by a gi\en structural 
formula. Instead, the character of the absorption is taken to indicate a 
state of chemical reactivity in which the substance is at the moment 
existing. The argument together with a few applications thereof, 
expressed in Baly’s own words, is as follows:— 

“It follows from the Zeerfian effect, that is to say, the icsolution of 
spectrum lines into doublets, triplets, etc., in a powerful magnetic field, 
that the particles or atoms producing these lines must possess [clectro]- 
magnetic fields of their own. . . . While these atomic fields have been 
taken into consideration in explaining such physical phenomena as the 
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above, their influence upon the properties of molecules does not 
seem to have received notice. These fields must possess both a polar 
and a quantity factor, and it would follow that atoms which are markedly 
different in their chemical properties must differ markedly m the polar 
factor of their force fields. When Ivvd such atoms approach one another 
sufficiently closely the force lines due to their respective four fields 
will tend to condense together with the loss of eneigy and with the 
formation of a ecunlensed field. . . . On these lines, therefoie, it may be 
said that the chemical reaction 01 combination between tin 4 two atoms 
is due m the fust instance to the foice fields appertaining to the two 
atoms. 

“Turning now to the compound that is pioduecd, it is evident that 
the general stability will depend upon the condensed force field between 
the atoms. 

“If a molecule of one compound reacts with a molecule of another 
compound such reaction takes place in virtue of their icspcetive Imre 
fields. If these fields are of opposite tvpo the force lines o! the two will 
condense together, with the result that an addition compound of the 
two is formed. . . . If, owing to the inherent properties of the atomic fields, 
the force lines can form a completely closed system, then the molecule 
will possess no reactivity. If two such molecules with completely closed 
fields .ue hiought together it is evident that they can have no influence 
upon one another, and, fuither, this absence of influence will be cntuely 
independent of what their ihemical properties in solution would lead us 
to exper t It would seem that in this fact is to be found the explana¬ 
tion of tin absence of any reaction between 11(1 and N11 -{ , 2 f and O v 
2CO and 0 ,„ etc., in the complete absence of water. . . . An exactly 
similar explanation holds good for the converse ease, namely that NI 1 ,, 1 C, 
when dr\, does not dissociate into MCI and NH,. . . . 

“On the other hand, although a certain amount of condensing to¬ 
gether of the force lines due to the atomic fields must occur, <a hxpothen, 
yet by no means must the resulting force fields always lie entirely < losed. 
When the maximum possible condensing together of the force lines has 
occurred with the miximum possible escape of energ), there may be left 
ovei an uncompensated balance of force lines. This residuum will deter¬ 
mine the properties of the given molecules, and wi 11 give rise to what lias 
long been recognised by chemists as residual affinity. . . . Among 
chemical compounds which possess u balance of uncompensated fora- 
lines or residual affinity water may he mentioned as a very typical 
example. . . . 

“ From what has been said already, it is obvious that if the < losed 
force field of a molecule he opened or unlocked its reactivity will be 
enhanced. This unlocking may be brought about in two ways, namely, 
by the use of a substance possessing resiitual affinity, or by the action 
of light. The simplest ease to consider is that of the solution of the 
closed-force-field molecules in a solvent possessing residual affinity. . . . 
Clearly, however, the case is an absolutely general one.” 

In addition to the opening up of the closed fields h> means of a 
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solvent we have also to consider the opening up produced by absorption 
of light, 

“ The light in being absorbed does work upon the closed fields and 
opens them, and this gives a rational explanation of the selective 
absorption of light. An example of the opening up of the closed molecu¬ 
lar force field by means of light is found in the union of hydrogen and 
chlorine. When in the dark and at ordinary temperatures, the force 
fields of these gasses are closed and they have no action upon one 
another. Under the influence of ultra-violet light then reaction to form 
HC 1 proceeds owing to the opening up of the closed fields by the light 
and the amount of combination is a function of the amount of light 
energy absorbed. . . . 

“When a substance- is dissolved in a solvent it is clear that there 
must be set up generally an equilibrium condition. . . . 

“If the case be considered of a complex molecule, it is clear that 
the force field of that molecule will be complex. ... It would be ex¬ 
pected that the influence of a solvent upon a complex force field would 
be progressive and that it would attack various portions of the field in 
turn. It indeed follows that the opening up of a complex field must 
take place in definite stages, the number of stages depending upon the 
complexity of the field. Each of these stages will be influenced by light 
so that each stage must be characterised by its power of absorbing 
definite light rays and may be differentiated in this way because the 
light waves absorbed by the various stages will be different. Very 
typical examples of compounds which are opened up in stages are the 
//-substituted naphthalene compounds, which *as a rule in alcoholic 
solution show three absorption bands. Three stages in the opening up 
of the force fields must, therefoie, coexist in the solvent, each one char- 
acteiised by its power of absorbing definite rays of light. In concen¬ 
trated sulphuric acid solution the absorption spectrum is very different, 
since other stages are called into play, but usually one of these stages 
at least is common to the two solvents. . . . Each opened stage must 
possess a definite reactive power towards other molecules.” Certain 
experimental evidence may now be presented. 

Baly and Marsdcn {J. Chem. Soc., 93 , 2108, 1908) “investigated the 
absorption spectra of certain aromatic amino-aldehydes and ketones and 
found that the alcoholic solutions of these compounds exhibit a well- 
mai ked absorption band. The addition of a small quantity of alcoholic 
HC 1 to any one of these solutions causes the development of a yellow or 
red colour which disappears w-hen more of the acid is added. The 
colour is due to the appearance of a new absorption band nearer to the 
red than that shown by the parent compound. On addition of the 
excess of acid the absorption spectrum changes to that of the hydro¬ 
chloride of the amino base, which somewhat resembles that of the free 
base itself. It is dear from these results that the conversion of the 
amino bases to their hjdrochlorides is not simply an addition reaction. 
There is no doubt that it is not the amino compound such as exists in 
alcoholic solution which forms the salt, but that the first quantity of the 
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acid converts the base into an intermediate fortn and it is this inter¬ 
mediate form which reacts with more acid to give the salt. . . . The 
addition of the first quantity of HC 1 opens the closed fields to a higher 
stage which is evidenced by the characteristic light absorptive power, and 
the field iflusl be opened to this stage before the molecule can react to 
give the salt. These results also have a bearing on the application of 
the theory to catalysis. When the above amino compounds are treated 
with methyl iodide they tend to give their methyl derivatives. The 
velocity of this reaction is known to be materially increased when some 
acid is added. The acid has been shown to open up the closed systems 
to a higher stage with a greater reactivity and therefore it acts as a posi¬ 
tive catalyst in the methylation of these compounds.” 

“ Exactly analogous results have been obtained by Baly and F. O. 
Rice (/. Chern. Soc. f 101 , 1475, T 9 12 ) i n the sulphonation of aromatic 
phenol ethers. In this case it was found possible to convert the whole 
of the reacting substance into the intermediate form and to observe its 
change into the sulphonic acid. ... In the sulphonation reaction, when 
the compounds are dissolved in cold concentrated sulphuric acid, they 
are in many cases entirely converted into the intermediate stage which 
frequently is characterised by its absorption of visible light, so that the 
solution is visibly coloured. On standing, the system is slowly changed 
to the sulphonic acid and the progress of the reaction can be followed 
by the spectroscope. The absorption spectrum of the sulphonic acid 
differs entiiely from that of the intermediate stage, and somewhat re¬ 
sembles that of the original sub-dance in alcoholic solution. It is per¬ 
haps worth mentioning that if the sulphuric acid solution, before the 
sulphonation has taken place, is poured on to ice, the original, com¬ 
pound is recovered in a pure state. These two investigations establish 
beyond any doubt the existence ol the intermediate stage in a chemical 
reaction, such as was deduced from the force-field theory. 

“ The fact that the existence of the various stages in the opening up 
can be recognised by their characteristic light absorption enables us to 
interpret absorption observations with considerable certainty. . . . Rice 
and Baly ( /. Chem. Soc. , 103 , 2085, 1913) have found that the nitro 
derivatives of benzene lend to exist with their force fields very definitely 
closed. This results from the difference between the affinities of the 
phenyl nucleus and the nitro group. Such a compound would natur¬ 
ally tend to be affected differently by a strong acid and by a strong base. 
The absorption of nitrobenzene in solution in dimethyl aniline and in 
concentrated sulphuric acid is entirely different; indeed, the former 
solution is coloured red whilst the latter is colourless. Clearly, there¬ 
fore, the manner of opening up the force fields is different, according 
to whether an acid or basic solvent is used, and so we may speak of 
nitrobenzene as being amphoteric.” # 

It may be pointed out that on Baly’s theory, in so far as it is con¬ 
cerned with the interpretation of absorption bands, it is concluded that 
of two bands exhibited by a given substance, that one which lies towards 
the red end of the spectrum indicates a higher stage of activation than 
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is indicated by the band lying in the violet direction. On the basis of 
the quantum theory the band towards the red corresponds to a smaller 
quantum than does the band towards the violet. The active form re¬ 
quires a smaller amount of energy to attain some (unspecified) standard 
stale than is required by the inactive form, which requires a larger 
quantum and consequently absorbs in the violet in order to attain the 
standard state. • 

“In the case of inorganic acids, base and salts, ionic dissociation is 
the extreme case in the opening up of their foice fields. . . . 

“It is in organic chemistry that’the force-field theory finds its most 
obvious appli( ation, for so feu of the leactions aie ionic.” 

It has already been mentioned that the absorption bands exhibited 
in the visible and ultru-\iolet are interpreted on the above theory as 
indicating different phjsical isomers or “molecular phases”. Baly 
has further endeavouied to show that these bands are integral multiples 
of a fundamental infia-red band, and on this basis has developed re¬ 
lationships between bands in various parts of the speitium in terms 
of energy quanta characteristic of the particular atomic and molecular 
systems considered. This method of treatment has already been briefly 
referred to in connection with the infra-ied absorption spectra of gases 
(Chap. IV.). 

That a nascent molecule or molecule at the moment of its formation 
is in an abnormal 01 active state has been fairl) generally suspected. 
The views outlined above tend to give some degree of piecision to 
this idea. It is on this basis that Bal), Ileilbron, and Barker {/own. 
Chcm. Soc , 1025 , 1921 ), for example, explain the abnormal reactivity 
of formaldehyde (when synthesised photoehemically) as is evidenced by 
its capacity to polymerise to sugars. A similar enhancement has been 
observed by T. H. Johnson and Bass ( fount. Amor. Chcm. Soc., 44, 
1341 , 1922 ) in the case of nitrile produced m situ bj the decomposition 
of nnido-cxters. Under these conditions the nitrile tends to poly¬ 
merise to cyclic derivatives, although no such polymerisation of ordinary 
nitrile takes place. Undoubtedly numerous olhei examples of this 
kind exist. 

The concept of physical isomers likewise plajsa fundamental part in 
Smit's theory of allotropy [cf. Smit’s book translated by ]. S. Thomas 
in this Series of Textbooks). 

On reviewing the matters dealt with in the two preceding sections 
there appears to be a reasonable amount of experimental justification 
for the actual existence of distinct physical isomers, each possessing a 
statistical distubution of internal energy amongst the molecules per¬ 
taining to any one form, the average energy content of one physical 
isomer differing fiom that of the other by the amount A = Q,„ either 
of which terms becomes numerically equal to the E term of the inactive 
form (provided the active form is capable of reverting to the inactive 
form without any preliminary absorption of energy). The observed 
rate of the chemical change cannot be greater than the rate at which 
the inactive form changes into the active. 
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Conditions for Reactivity on the Radiation Jhypothesis. 

In connection with the Marcelin-Rice equation it was pointed out that 
the energy represented by the critical increment E might be regarded as 
obtained fiom the thermal radiation piesent in the system in virtue of its 
temperature, this statement constituting, in fact, the radiation hypothesis 
of chemical reactivity. To express this idea quantitatively iccouise 
must be had to the quantum theory. 

In order tha^any of J’lanck’s relations may be applied it is essential 
that temperature radiation alone, be consideted, that is, that the 
radiation and the matter composing the s>stem be m tcmperatuie 
equilibrium. On Planck’s view, the mten hange between mattei and 
radiation is effected through the medium of osullatois, situated on the 
molecules of the substances composing the system. In the case of 
thermal reactions occuriing at constant tcmpciature in a thermostat 
(which defines the temporal lire of the system both with regard to the 
radiation and to the material), Planck’s theory may be applied with 
some degree of certainty. In this connection the following statement 
made by Planck ( 1 hcory of Heat Radiation , Eng. ed., p. 7) is of im¬ 
portance “A special case of temperature radiation is the case of the 
chemical nature of the emitting substance being invariable. Neverthe¬ 
less, it is possih/e, according to what has been said, to have ttmpenature 
radiation while chemical changes are taking place , provided the ihemiuil 
condition is completely determined by the temperature." 

At eoiding to the law of mass action the rate .it which a body reacts 
is proportional to its active mass. Since the time of (iuldbcrg and 
Waage it has been considered sufficient to legaid the concentration of 
the substance as an accurate measure of the active mass, and this lias 
been borne out by an accumulation of experimental results, which serve 
to demonstrate the general truth of the hypothesis. At the same time 
numerous facts are known which indicate that concentration per sc is 
not the only factor deteinmiing reactivity. To attempt to extend the 
principle of mass action so as to allow for environment, it is necessary 
to take into account the energy exchanges which a< company, or rather 
precede, molecular change, for as the fad of a finite velocity demon¬ 
strates, all the molecules of a system are not at any one moment in the 
same reactive state. From what has already been said regarding the 
absorption of energy by an average molecule to bring its energy content 
to the critical value, it will be evident that the amount and nature of 
the radiation present in the system must play a definite part in the 
reactivity of a given species. From this point of view, therefore, the 
active mass of a species is not simply proportional to its concentration, 
but is simultaneously dependent on the radiational environment, the 
observed rate of reaction being due to the oroduct of these two ellects, 
The active mass may be, in the case of*unimolecular decomposition, 
identical with the number of molecules brought per second into the 
reactive state by means of the radiation present in the sjsLcm, or may 
be proportional to the number of molecules existing in the reactive 
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state. For multi molecular reactions it is undoubtedly true to say that 
the rate of chemical change is proportional to the product of the con¬ 
centrations of the reactive molecules. The radiation hypothesis may be 
expressed in a sense by saying that the active muss of a species, 
spontaneously decomposing, is proportional to its concentration, multi¬ 
plied by the radiation density of the type which the substance can, 
absorb, the radiation being present in virtue of the temperature of the 
system. The radiation density, u v , v is the amount of radiation corre¬ 
sponding with a certain frequency v, which is present in unit volume of 
the system, when the radiation and the matter are in thermal equi¬ 
librium. If the radiation density is too small the substance will not 
react, howsoever great its concentration may be. 

To say, however, that the reactivity of a given molecular species 
depends on its concentration and simultaneously on the density of the 
absorbable type of radiation present, in thermal equilibrium with the 
matter, may be inexact. The correct mode of expressing the radiation 
hypothesis depends upon whether reactive molecules exist or not in the 
case of a unimolecular process. If, they do not exist, i.e. if they change 
into resultants immediately, then it would appear to be correct to say 
that the rate of reaction is directly pioportional to the product of the 
concentiation into the radiation density. If, on the other hand, the 
reactive molecules even in a unimolecular process do exist, i.e. if they 
possess a sensible life—as is necessarily the case when a multimolet ular 
process is involved—the radiation hypothesis would be stated in a some¬ 
what different form from that just given, namely, by making use of a 
postulate of Planck ( Theory of Heat Radiation, English ed., p. 164) 
in connection with the relation of emission to non-emission by an 
oscillator, Planck’s postulate being that the ratio of the probability that 
no emission takes place [i.e. that the oscillator retains its energy) to the 
probability that emission does take place (i.e. that the oscillator loses its 
energy) is proportional to the radiation density u v of the frequency v to 
to which the oscillator responds. 

This ratio is given by pu v where p, the proportionality factor, is shown 
by Planck to be identical with c^/Snrh/dv^, c being the velocity of light in 
vacuo. Since u y itself is given by 

8 rr//«V 1 

— c* e hv > kT ~-i 

where k is the gas constant per molecule, it follows that— 

probability of no emission by oscillator 1 

probability of emission by oscillator ^ Uv t ,hv > kl - T 

Transferring this idea td the chemical case and identifying the 

*As already pointed out, w„ has not the dimensions of energy density; the 
actual expression for energy density is Uydv. The term u v may be called the radia¬ 
tion density factor. 



THE “ RADIATION HYPOTHESIS" 


225 


reactive molecules with those which have not emitted (/>. have retained) 
their abnormal energy we would write— 

number of reactive molecules 
number of unreactive molecules e ] " < kT — 


The total number of molecules is the sum of.the reactive and unreactive- 
inverting the above expression, adding unity to both sides, and re¬ 
inverting, we obtain— 


number of reactive molecules 
total number of molecules 


__ _ p — hi’lfn 


The application of the above postulate of l’lanck leads consequently to 
the relation :— 

Concentration of reactive molecules — concentration of total mole¬ 
cules x c~ h, 'l kr . 

Writing the rate of reaction in the case of a ««/molecular change as 
proportional to the concentration of reactive molecules, we get— 

rate of reaction = constant x total concentration x e ~ h, 'l kr (i) 

the constant being independent of temperature. 

Similarly, in the case of a /■'/molecular reaction between two sub¬ 
stances A and B, the rale of leaction is given by :— 

Constant x C A . C„ x T l/ ~ x c~ + 'h*'* 1 . . (2) 

where 'I' 1 -'" has been introduced to allow- for the variation with tempera¬ 
ture of the average thermal speed of translation of the molecules in the 
ease of a gaseous system. (In the case of a himolecular reaction in 
solution the rate of collision depends upon the mobility or diffusion co¬ 
efficients of the solutes, a quantity which varies much more rapidly with 
temperature than does the speed of translation of thermal motion 
itself.) 

Equation (1) can be written in the form— 

- dC/d/ = -*"/*• 

where C stands for total concentration and k n for the constant inde¬ 
pendent of temperature. t stands for time. 

Employing the ordinary expression for the rate of a unimolecular 
reaction on the basis of the law of mass action we have— 

- dCfd/ = Z- obs .C, 

where /£ obs _ is the velocity constant determined by experiment. By 
combining the above two expressions it folEws that— 

*ob s = 

or d log £ 0 bs. jdT — hvjk'Y - = N/ir/RT 2 = constant/RT- 

where N is the number of molecules in one gram-molecule. 
vol. in. 15 


( 3 ) 
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This equation is identical in form with that of Arrhenius which is 
known to be in agreement with experiment for a great variety of re¬ 
actions. It is by means of equation (3) that the position of a band 
head or frequency is calculated from the velocity constants observed at 
different temperatures. 

Apart altogether from the radiation hypothesis and on a statistical 
basis Rice has shown ( loc. tit. and also Phil. Mag., 46, 312, 1923) that 
for a ww/molecular reaction the exact expression is— 

d log k oh JdT ='(E + <&T)/RT 2 (4) 

where E is the critical increment reckoned per gram-molecule. Com¬ 
bining equations (3) and (4) we obtain for a unimolecular process— 

E + AT = N hv 


or as a close approximation in general— 

E/N = hv .(5) 

But E/N represents the amount of energy which has to be added to 
make a single molecule decompose. The above relation is therefore 
Einstein’s law of the photochemical equivalent. 

Although several investigations have been carried out to test Einstein’s 
law for photochemical reactions ( cf. Appendix VII.) very little has been 
done in connection with testing equation (5) for thermal reactions due 
to infra-red radiation. The case considered below is the decomposition 
of triethylsulphonium bromide in various solvents ( cf. Taylor and Lewis, 
J. Chem. Soc., 121, 665, 1922). 

Triethylsulphonium bromide has been showm by von Halban ( Zeitsch. 
phvsikal. Chem., 67, 129, 1909) to decompose into ethyl bromide and 
di-ethyl sulphide in a unimolecular manner in various solvents. From 
von Halban’s velocity constant data at different temperatures it is 
possible, by miking use of the Marcelin-Rice equation, to calculate the 
critical increment per gram-molecule of the reactant. From this, 
assuming that one quantum is required per molecule, it is easy to 
calculate the frequency of the radiation which would accomplish this 
degree of activation. The calculated values of the frequency show that 
the triethylsulphonium bromide should exhibit an absorption band in 
the short infra region in the neighbourhood of i/a, the precise location 
of the band depending upon the solvent employed. Using an infra¬ 
red spectrometer and radiomicrometer, Taylor and Lewis have observed 
the absorption spectra of triethylsulphonium bromide in the eight 
solvents employed by von Halban over the range 07 ft to 3 6 fx. The 
details of the procedure and measurements are given in the paper cited. 
It may be remarked that in general the solute is not very soluble, which 
renders it somewhat difficult in certain cases to determine the band, 
since this depends upon the difference in transmissive power of the pure 
solvent and the solution respectively. The results obtained are sum¬ 
marised in the following table :— 
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Decomposition of Trifthvlsulphonium Bromide 


I 


Solvent 

Cntu.il Increment, 
1* (from von 
Ilalban's data) 

Wave length of 
Hand Calculated 
from V aluc of l 

Wave length 
Observed 


in cals per rryjle 


Nitrobenzene 

2S^QO 

• T-OjU 

1-0 S/x 

Tetrachloroethant 

3 ro^o 

o*gi 

o - qo 

Propyl alcohol \ 

^960 

0-84 I 

0-89 

Amyl alcohol . ' 

3353® 

0*85 

l o*8 } 

Benzyl alcohol . 

36180 

(>•78 

1 o*8o 

Acetic acid 

29220 

‘>97 

o-go 0 95 

Acetone 

f 304S0 \ 
^560/ 

5 o'gfi 

r 3 

1 

Chloroform 

? 333 io 

3 o # S«; 

1 0 


It will ht observed that in the first six cases the agieeimnt between 
the tabulated and observed wave-length of the band is satisfactory, 
thus affording a verification of equation (5). It is impoitant in this 
case (in view of teitain consult lations dealt with later) to point out that 
no evidence was obtained from the absoiption spectra curves over the 
langc examined of the existence of bands at wave-lengths which are 
integral multiples of that quoted in the table. The bands referred to 
aie the only ones observed due to the solute. 

In the case of acetone and chloioform theie is xeiious discrepancy 
between the observed and calculated positions of the bands. It is 
sigmfu ant, however, that it is precisely in these two cases that von Halban 
observed abnormal behaviour on the part of the* velocity “constants,” 
this liemg attnbuted by him to the known fact that in acetone the tn- 
ethylsulphonium bromide is ionised whilst in chloioform it is poly¬ 
merised The disc lepancy, therefore, cannot be legaided as invalidating 
the relationship under consideration. 

In the case of the inversion of sucrose there is also apparently satis¬ 
factory agreement between the obsuved and calculated positions of the 
absorption band (cf. Moian and H A Taylor , Journ. Arner. ( hem Sac., 
44, 2886, 1922), as well as in the case of the conversion of y-hydroxy- 
butync acid into the lactone (Garrett and Taylor, unpublished) and in the 
case of the* hydrolysis of acetamide (Meehan unpublished). Further, it 
has been shown by Hojendahl ( Journ . Thy r. Chem., 1924) that in the 
case of the transformation of fused maleic acid into fumarie, the critical 
increment obtained from velocity data cotresponds to a wave-length i-8/x. 
In agreement with this, Hojendahl has found that fused maleic acid 
exhibits an absorption band in the short infra-red region with its head 
at 1 8/i. approximately. 

Reference may also be made to certain results obtained by H. A. 
Taylor in connection with the anthracene dianthracene reaction in 
phenetol. From the velocity constant data of Luther and Weigert 
it can be calculated on the above basis that the dianthracene de- 
1 polymerises thermally owing to the absorption of radiation in the 

15* 
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neighbourhood of 707/*/*. To test this Taylor exposed a solution of 
dianthraccne to wave-lengths of this region—the isolation being carried 
out spectrographically and consequently with considerable loss in in¬ 
tensity—and obtained (for the first time) a tiue photo-<&polymerisation 
of dianlhracene in excess of the thermal effect. Exposure to wave¬ 
lengths of the same intensity in the neighbourhood of 600/x/x. and 800/qu, 
respectively produced much less marked effect. (The above photo¬ 
decomposition is naturally not to be confused with the photopolymerisa¬ 
tion of anthracene itself which has been known for fifty years). 

The Unimolecular Velocity Constant. 

Whilst the radiation hypothesis as expressed in equation (5) accounts 
satisfactorily for the influence of temperature upon the velocity constant, 
it has not yet been shown that the hypothesis is capable of accounting 
for a velocity constant itself, although ultimately we cannot regard any 
theory as satisfactory or complete which is unable to permit of such 
calculation. The crucial case is the unimolecular type of reaction, and 
various attempts have been made to apply the radiation hypothesis to 
this ease. It may be said at once that up to the present time (1923) 
the. problem has not been solved satisfactorily. The nature of the 
difficulty encountered is dealt with by W. C. M. Lewis (J'/ul. Mag. 

|vi.J, 39, 26, 1920). 

Briefly, the initial difficulty is the choice between the two possible 
modes of absoiption of radiant energy by matter, namely the discontinu¬ 
ous and the continuous respcetivel). On Planck’s first foimulation of the 
quantum theory of radiation the act of absorption is regarded as discontinu¬ 
ous, i.e. in quanta of enerisy, which implies that radiant energy in free space 
is made up of discrete units, a view which Planck later gives reasons for 
relinquishing, although the conclusion is not devoid of uncertainty. 
The continuous view of absorption (which constitutes Planck’s second 
formulation of the quantum theory) is the one which is adopted in the 
following considerations. 

On the basis of the continuous or classic view of absorption, 
Planck has shown that the rate of absorption of radiation of frequency 
v by an oscillator—here identified with the electron—is given by— 


3 *1 


u v 


where e and m are the charge and mass of an electron, and «,,, for the 
range of wave-lengths ordinarily involved in chemical change, is defined 
by— 


u v = 


87 rhn 


;*„3 




where h is Planck’s constant, c the velocity of light in a vacuum, and n 
is the refractive index. 

If we now consider a gaseous system, containing N molecules, and 
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suppose that one valency electron per molecule is invoked in the dis¬ 
sociation process, it is evident that the total amount of energy absorbed 
per second is— 

87rWwV 


xmr 


. f-MAT . N. 


If one quantum of energy, hv, is required by’the valency electron for de¬ 
composition of die molecule, it follows that the number decomposed 
per second is theVbove quantity divided by hv, or— 


SttVVt 2 


. i—hvlki _ JvJ 


and hence the velocity constant of the unimolecular process is given by 


/’ll 111 - 


O '► 1 ' .■( *1 

b-rr-t'-H ’V 
$mr 


^— / 11 -/A: r 


/’uni. = 2-465 X 10- W . V/V“V — 


(6) 


II the refracti\e index ^ is taken to refer to the whole gaseous system 
its value is very neatly unity. Taking the iase of the unimolecular de¬ 
composition of phosphine measured by Tiaut/, and Hhandarkar {Yxitsch. 
nnorg, C/n rn., 10a 95, 1919) fiom the observed temperntuie coefficient the 
value of K and consequently of v can be obtained. On substituting this 
value together with the appropriate value of T the unimolecular velocity 
constant of the decomposition of phosphine can be calculated by means of 
equation (6). It is found that this calculated value of k is only io~ 7 
of the observed value, that is, the disciepaney is enormous. A precisely 
similar discrepancy is found in the case of the unimoleculai decomposition 
of nitrogen pentoxule investigated by Daniels and Johnston (/ aunt. Amcr. 
C/tcr/t. Soc., 43 , 53, 1921). In the latter case the exact factor, with 
which the calculated values of the velocity constant must be multiplied 
so as to make them identical with the observed, is 1 -2 x 1 o 7 . This 
factor does not appear to vary with temperature. 

On reviewing equation (6) it will be observed that the numerical 
value attnbuted to the refiactive index // is unity. In the neighbour¬ 
hood of a band the value is known to be somewhat higher, but the 
alteration usually regarded as legitimate would leave the discrepancy 
factor still enormous. In fact if the discrepancy is to be explained on 
the basis of an enhanced value for n it would be necessary to ascribe to 
n a value of the order 200, and further to assume that n maintains its 
value throughout the course of the reaction. As the original substance 
decomposes, however, we would expect the value of n to diminish, pro¬ 
vided // refers to the decomposing gas sub,lance as a whole. This 
difficulty might be overcome by assuming tnat the resultants of the re¬ 
action are just equally efficient in contributing to the refractive index, 
but this is not very probable. A more serious objection arises, however, 
if we consider the reacting system under different initial pressures. 
Since pressure is a determining factor for the refractive index of the 
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system as a whole the velocity constant would on this basis depend on 
the pressure. This, of course, would be contrary to the concept of uni- 
molecular reactions. It seems quite impossible to attempt to account 
for the discrepancy on the basis of p, the refractive index term. 

As regards the problem of applicability of the equation (6), three 
distinct views may be considered to be held at the present time (1923). 

1. The radiation hypothesis of thermal chemical change riiay be re¬ 
garded as invalid, the observed velocities being so ryfich in excess of 
those required by the hypothesis. Whilst the concept of activation is 
retained the transfer of the necessary energy is attributed to collisions. 
That the radiation hypothesis is inadequate is the view of Lindemann 
{Joe., cif. and Phil. Mag., 40, 671, 1920), Langmuir {Journ. Amcr. 
Chcm. Soc., 42, 2 190, 1920) and of Christiansen and Kramers ( Zcitsch. 
physikal. Chum., 104, 451, 1923). 

Even though the radiation hypothesis were discarded it would still 
be quite logical to regard chemical kinetics as essentially quantisable. 
That is, it would be legitimate to calculate the position of an absorption 
hand from the magnitude of the temperature coefficient of the reaction 
velocity constant, using the relation E = hv. All that has been shown 
in the foregoing is that the radiation hypothesis is (necessarily) in agree¬ 
ment with this relation. 

2. The radiation hypothesis may be correct, but equation (6) may 
be an incorrect expression of the hypothesis, in the sense that tin; actual 
rate of absorption of energy may be much more rapid than is allowed 
for in the deduction of the equation. This view is considered briefly 
later in connection with the introduction by Rice of a dimensionless 
factor into equation (6), the physical basis for this factor being the as¬ 
sumption—suggested on other grounds—that the radiation field is not 
uniform but that in the immediate neighbourhood of matter (atomic 
systems) the radiation is as it were “ condensed 

3. The radiation hypothesis may be valid and equation (6) may be 
correct, but the experimental data in the case of unimolecular reactions 
in gases may be wholly unsuitable for testing equation (6) owing to the 
existence of powerful catalytic effects. We have to consider these 
various possibilities in a little more detail, taking the third possibility 
first. 

The fact already mentioned that the discrepancy between experiment 
and equation (6) is almost identical for two unimolecular reactions as 
different as phosphine decomposition and nitrogen pentoxide decomposi¬ 
tion suggests that the experimental data are valid. It has been found, 
how'ever, by Hinshelwood and Topley (_/. Chem. Soc., 125, 393, 1924) 
that the phosphine decomposition, even up to 1044° abs., is confined to 
the walls of the vessel, the reaction being therefore a typical example of 
heterogeneous catalysis. These authors also find that the critical in¬ 
crement is between 40,000 and 50,000 cals. 1 (and this value is constant), 

1 If this were characteristic of gaseous PH S in bulk the gas ought to be visibly 
coloured. So far as is known this is not the case. 
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result completely at variance with a value of the order 85,000 cals, ob- 
„iined from the data of Trautz and Uhandarkar, this value being attri¬ 
buted by these authors to the homogeneous reaction which they regard 
as predominating at the higher temperature range (about looo’abs.). 

If we accept Hinshelwood and Topley’s value for the critical inclement, 
equation (6) reproduces, at least in so far as order of magnitude is con¬ 
cerned, the velocity constant for the uni molecular reaction which occurs, 
however, in the surface layer. 

Hinshelwood and Prichard {Jqurn. Chem. Soc., 123, 2725, 1923) 
have likewise shown that the decomposition of hydrogen peroxide 
vapour and the decomposition of sulphury] chloride vapour are uni- 
molecular reactions but occur at the surface of the vessel. In the case 
of sulphuryl chloride the authors give the critical increment as 35,000 
cals. Inserting this in equation (6) for a temperature 556° abs. the 
velocity constant calculated (in secs.- 1 ) is 5-7 x ro~ 7 , whilst that ob¬ 
served is 2 x io -3 , i.e. the observed is 4 x io :! times the calculated. 
In the light of this result little stress can be laid apparently on the ap¬ 
proximate agreement obtained in the case of phosphine. 

Again, as regards the decomposition of nitrogen pentoxide the recent 
observations of Daniels, Wulf and Karrer (Jour/i. Amer. Chan. Soc., 
44, 2402, 1922) show that this reaction is not a simple spontaneous pro¬ 
cess but is very powerfully catalysed by a trace of nitrogen peroxide, 
itself one of the decomposition products. The authors have shown this 
to be the case by removing the nitrogen peroxide by means of ozone. 
[As Daniels, Wulf and Karrer point out, one of the striking things about 
the catalytic effect of NCX, on the decomposition of nitrogen pentoxide 
is the fact that a mere trace of N 0 2 is sufficient, any additional quantity 
being without further influence. Had this not been so the observed 
uni molecular velocity constant would not have been a satisfactory con¬ 
stant throughout a run, for NO a accumulates in the system as a result 
of the decomposition. This behaviour is so abnormal as to suggest that 
the true catalyst is some third substance, lntheito unidentified but present 
in minute amount which is in some way made effective by the nitrogen 
peroxide.] It must be remembered, however, that the critical increment, 
employed in testing equation (6) is that obtained experimentally, i.e. for 
the catalysed process itself, and had this been analogous to the phos¬ 
phine case the numerical discrepancy referred to should have disappeared 
in a like manner. Until this reaction has been studied in furthei de¬ 
rail it is impossible to say whether it constitutes evidence in favour of 
equation (6) or constitutes a definite disproof of this equation. 

At the present time (1923) no really satisfactory unimolecular 
gaseous process occurring apart from catalytic effects is known. 1 In 

1 The significance of folar molecules actinu is catalysts by union with a certain 
fraction of the otherwise inert “reactant” has Men emphasised by Norrish {Journ. 
Chem. Soc., 123, 3006, 1923) in connection with the well-known retarding effect of 
desiccation and more particularly in connection with the effects produced by the 
nature of the walls of the containing vessel. Thus in the (bimolecular) reaction 
between bromine and ethylene Norrish has shown that when the wall consists of 
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view, however, of the possible invalidity of equation ( 6 ) other expressions 
which have been suggested must be consideied briefly here. 

Perrin in 1919 [Afinales dc Physique, Vol. II.) suggested that the 
velocity constant of a spontaneous process brought about by radiation 
could be represented by— 

b . — —/ti'/fc 1 

• 

where s denotes the sensitivity (sensibilite) of the system. This equation 
is oi the same type as that already considered, but as not explicitly 
analysed it does not carry the problem any further. 

Dushman (Journ. Iranklin Inst., 189, 515 , 1920 ) has suggested that 
the velocity constant is given by— 

/tu„,. = ve-W' .... ( 6 a) 

where v is the frequency of the radiation apparently responsible for the 
chemical change, v being calculated from the temperature coefficient of 
the reaction, ban stein’s photochemical law being assumed. Dushinan’s 
equation is, in the first place, empirical. It leads to values approximately 
10 7 times that given by equation ( 6 ). Thus it applies to the decomposi¬ 
tion of gaseous nitrogen peroxide (in the oidinury catalysed condition) 
in so far as order of magnitude is concerned, and of course its simplicity 
of form is attractive. The equation likewise applies to about the same 
extent to a dissolved gas, namely the decomposition of nitrogen pent- 
oxide dissolved in chloroform and in carbon tetiachloride (<f. Lueck, 
Journ. Amer. Chem. Soc., 44 , 757 , 1922 ). On the other hand, it leads 
to velocity constants which are only of the order ol one thousandth or 
less of those observed in the case of the decomposition of triethylsul- 
phomum bromide in the various solvents referred to in a previous 
section. Dushman’s equation is probably ol too simple a form to apply 
to the decomposition of non-volatile solutes in solution. 

Recently theoretical deductions of equations similar to that of 
Dushman have been offered by Rice and by McKeown (Phil. Mag., 46 , 
August, 1923 ). Rice’s method is based on statistical considerations 
which at a certain stage are quantised, the molecule being regarded as 
a simple mechanical one in which two bodies are imagined as bound 
together by a quasi-elastic force. The distance apait of these two 
bodies (atoms) is assumed to be capable of taking on any value from 
zero to infinity, the mutual potential energy of the two portions in¬ 
creasing until their distance apai t attains a certain “ critical ” value, 
beyond which the potential energy either decreases or remains constant. 
When the “critical'’ position is reached dissociation of the molecule is 
supposed to have occurred. 

The equation obtained by Rice is— 

Ami! = ive- ] "A' .... ( 6 b) 

(non-polar) paraffin wax the reaction is very slow compared with its rate when the 
wall is of glass or still more when it consists oi the highly polar stearic acid. In 
such cases the point of interest is shifted but the problem of explaining the mode 
of initial activation still remains to be accounted for quantitatively . 
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for frequencies likely to be of significance for chemical change. If we 
compare this with equation (6) deduced on the basis of the late of 
absorption of energy by a Planck oscillator, viz. 


87rVb/*V" 

a _ OTr 1 • 1 .—/11, At 

"•uni. — .. < 


\mc 


we see that the ratio, 

AimjfRice) 
X’uni. (Planck) 


1 3 nu 
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27 T-/1 2C“ 




\tnc 


27 r-n 
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where A is the wave-length. But /*, the radius of the electron, is given 

by 2 - —„ so that, 

3 >m " 

^’um. (Kice) A 

A\ in , (Planck) 27r'-W 


In connection with the above result Rice comments as follows :—It is becoming 
moie and more doubtful if the behaviour ol a substance towaids radiation of a 
frequency corresponding to any of its bands of absorption can be adequately treated 
by the methods of classical theoiy, based as they aie on the postulate ol the trans¬ 
mission of continuous coherent waves. Physicists are coming gradually to the view 
that for a considerable body of phenomena (and just those where absorption or pro¬ 
duction of radiation is concerned) the assumption of the propagation ol discrete 
elements of energy is necessary. On the other hand, the facts of inteiference and 
polai e-ation nect ssitate the retention of some features ol the old wave theory. Now 
the phenomena require for their clearest manifestation the condition that the inter¬ 
fering beams should he almost ideally monochromatic, i.c. that the range of 
frequencies involved should be extremely narrow. Under such cnumistances 
interference has been shown with a path difference several hundred thousands of 
wave-lengths between the two beams. This would point to the conclusion that 
under such circumstances a quantum of such radiation would possess a length equal 
to such a number of wave-lengths. Also the facts concerning the dependence of 
resolving power on apeiture would seem to show that a quantum “can till a tele¬ 
scope Now it is a well-known result of Fourier analysis that such a beam, with 
its close approximation to monochromatism, can be represented by a succession of 
wavc-tiams, each train consisting of a great number of waves whose amplitudes 
giadually decrease from the middle of the tram towards the front and the rear, with 
a space practically free from movement between each train. On the other hand, 
a beam whose approach to monochromatism wax less perfect would be represented 
by a train ol fewer waves with a quiescent space between. Indeed where the range 
ol ficquencies was sufficiently great a single wave with a few minute ripples in 
front and behind represents a wave tram with sufficient accuracy. Thus, whereas 
in certain circumstances a quantum of energy may possess a relatively gieat length 
(the “coherence length ” of the wave) and great sectional area; under other circum¬ 
stances its length might be comparable with one wave-length and its sectional area 
also reduced, viz., when the range of frequencies involved is relatively large. Fur¬ 
ther, if the quantum is capable of being absorbed by an electron it would seem 
natural to assume that its sectional area is of the order of the square of the 
electronic radius. 

Referring now to the ratio of the two rates of absorption of energy given above, 
a physical basis would be lound for the ratio A./# if the energy around the binding 
electron involved in the reaction were “ condensed ” or concentrated in a ratio 
comparable with \/r as compared with the energy in the vacuous hohlraum at the 
same temperature. Such a condensation would appear to be a possibility on the 
views expressed above. A quantum of energy with a length comparable with \ 
and a section whose linear dimensions are comparable with r would encounter an 
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electron. If its frequency range found no “ sympathetic ” frequency in the electron 
it would rebound with only a small change in energy and frequency. If the 
frequencies agreed sufficiently there would be absorption, and as a preliminary to 
such absorption the energy would condense into a volume comparable with the size 
of the electron itself. This would involve a concentration of energy in and 
immediately around the electron of the amount suggested by the comparison of the 
two formulae lor velocity constants. This would, of course, denude the inter- 
electronic space of its energy ; but there appears to be no contradiction ol the law of 
conservation as the walls and material present can supply the necessary total energy 
involved in the reaction. 

/ 

In Rice’s deduction the quantisation treatment is that of Planck, 
in which all physical states corresponding to points in the phase ex¬ 
tension diagram are regarded as possible. This differs sharply from the 
concept—made familiar in the Rohr theory—of stationary states in 
which only the points on the region boundaries of the representative 
space represent physically possible states. The concept of such stationary 
states lies at the basis of McKeown’s method which is based on a direct 
application of Einstein’s treatment of the generalised Bohr model (cf 
Chap. V.). On the latter basis the equation actually found is— 

■■ . v . e— hv l kl . ( 6 c) 

where /> m and p n are the a priori probabilities of the states in and n 
respectively, using the term in the sense of Sommerfeld. n denotes the 
normal state, m the activated state of the molecule. (The a priori 
probabilities take account of the fact that each quantum state of definite 
energy content of a molecule may be realised in different ways, the s 
representing the number of possible modes of realisation of each state.) 

The equation of McKeown differs from that of Dushman only in the 
factor P,Jp n which may be greater or less than unity. For Bohr orbits 
in the generalised Sommerfeld sense, p m would be gieater than p n , but 
in no case would p m /p n be a large numerical factor. 

It is necessary to point out that McKeown’s result is obtained 
primarily on the assumption that the life of a stationary state m, is equal, 
in the absence of radiation, to the period i/v which characterises the 
transitions n^m (ef footnote, however). McKeown points out that 
the corresponding rate of absorption from a radiation field is very much 
greater than that given by classical electrodynamics. 1 Once more, if we 


' This follows from the mode of deduction of equation (6c). We are considering 
a molecule capable of existing in a discrete series of states. The normal state (in 
respect oi energy content) is denoted by w, the chemically active state by m. Follow¬ 
ing Einstein ( Physikal . Zeitsch l8, I2i, 1917) the probabilities of the transitions 
u -► tn and m -*■ n in the time interval dt are— 

= B™u v di, and d * = (A" + B"u v )dt 
n —> m » ’ m ->« ' m m ' 

< 

where u v is the radiation density factor for the frequency v corresponding to the 
the changes n ^ m, and the A and B terms are probability factors. 

Writing A” /B” = K, Einstein shows that K = SirAn 0 V/c s (where n 0 in this 
formula denotes refractive index), and that = BJJ,. McKeown now assumes that 
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are to retain the electrodynamic expression, it is necessary to assume a 
high condensation of radiation in the immediate neighbourhood of 
particles of matter. 

The radiation hypothesis of fhermal change has been criticised 
adversely, cf Langmuir ( Journ. Arner. Chan. Soe., 42 , 2190, 1920). A 
good deal of the criticism is based on an inadequate differentiation 
between thermit conditions and photochemical conditions, a point which 
is considered later. Langmuir Iras, however, emphasised that in the 
case of phosphine—Langmuir necessarily deals with the older data of 
Trautz, but the argument still appears cogent even for the newer data— 
(and it may be added in the arse of nitrogen pentoxide) no absorption 
band is exhibited by the gas at the wave-length region calculated from 
the E term by equating E to one quantum of energy of frequency v. 
This possibly necessitates a modification of the simple view that a single 
quantum is required per molecule, and it appears necessary in certain 
cases to substitute for the single quantum of relatively high fiequency v 
a limited number of quanta corresponding to a lower frequency or longer 
wave-length which the substance is actually capable of absorbing. 

In the case of the unimolecular decomposition of nitiogen pentoxide 
investigated by Daniels and Johnston {Joe. cit.) the observed critical 
increment corresponds (when equated to one quantum per molecule 
decomposed) to the wave-length i'13/i. Daniels and Johnston have 
found that nitrogen pentoxide is not decomposed photochemically by 
exposure of the system to an external illumination of this wave-length 
nor is there any evidence at the present time that this gas possesses an 
absorption band at this region. On the other hand, the frequency 
corresponding to the wave-length 1-13/1 is exactly three times the 
frequency corresponding to one of the known infra-red absorption bands 
exhibited by N 2 C) f) according to the measurements of Warburg and 
Leithauser (Ann. Fhysik [iv. ], 28 ) 3 L 3 > 1 9°9)- It may he concluded 
therefore that the thermal process is brought about by the radiation 
belonging to the longer wave-length and that the critical increment per, 
molecule is made up of three quanta of the lower fiequency type. That 
simple integral multiples may be expected in general would follow from 
Laly’s analyses of absorption spectra ( vide supra). 

A, which denotes the probability of the spontaneous change m —> n, may be written 
as equal to v, the characteristic frequency of the change. (Physically this means 
that the life of the stationary state m is equal, in the absence of radiation, to the 
period i jv.) Consequently B’“ = = AjHirhv^nJ. But the rate of absorption of 

radiant energy for the change m —> n is hvJi™u,, per molecule — hv 2 e - M*t. The 

numerical value of this is about io 7 times that given on the basis of the expression of 
Planck, viz.— 

ire 1 8x a t ,a /iw p 3 i^ , , 

~u v = - - e-hvlhr, 

3m 3»ic J 

It must be pointed out, however, that according to Kramers (as a consequence of the 
correspondence principle) the life of the stationary state is considerably greater than 
1/1/ and that in fact the Bohr treatment should lead to a result in agreement with; 
equation (6). 
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In view of such results it is necessary to allow for the substitution 
of several quanta of iclatively low frequency in place of a single quantum 
of relatively high {requeue) in the expression for the velocity constant. 
This may he effected in equation (6) as follows. Let us take the case in 
which the critical increment is made up of 3 quanta of frequency v v 
In a stationary statistical state of the system the number of molecules 
each containing two of such Quanta is given by— 


No = N(l - hf\lk 12 htfp 

very nearly. N stands for the total number of molecules. (This 
expression for N_, may be obtained by considering the expression for M, 
the number of moleculeshaving zero energy gi\en in (.'hap. II. The 
expression is also given by Planck (Sit'M/igsher Preuss. Akad ., p. 923, 
1914).) 'I'he mechanism of the unimolecular change may now be 
identified with the absoiption of one quantam !n\ by those molecules 
which already contain two quanta of this type. Hence, as before, the 
total energy absorbed per second is— 


S7r'-W//V : V 1 :! 
3/z/r 1 




The number of mole< ules decomposed per second is given by— 

11 <) " •! 
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That is, the velocity constant is 1(3)“ 01 i/pt’n of that calculated on the 
basis that one quantum hv (where r — 31,) brings about the requned 
actuation. In general if v — /r,, the resulting veloeit) constant is 1 
of the v alue v\ Inch would be obtained had the decomposition actually 
been brought about by the absorption per molecule of one quantum of 
frequency 1. 

The Jhmoh t 11/ar I ’e/oi itv Constant. 


For the ease of bimolecular leactions it is only necessary to remind 
the leader of what has been said earlier, namely that the rate depends 
on the collision fiequetiiy between molecules in the active 01 reactive 
state, this state having been attained owing to absorption of radiation. 
The rale of activation is itself a unimolecular piocess, but such rate is 
extremely gieat, in general, owing to the relatively low value of the 
critical increment. If the system consists of molecules of two substances 
A and B the active fraction of the A molecules is given by c -1 a ,<1 , the 
active fraction of the B molecules by c~ ,; B Kr The observed rate of the 
bimolecular process is proportional to C A C„c “ b A -I 1 h» t . For gaseous 
reactions the proportionality factor is calculable on the basis of kinetic 
theory and the observed rate quantitatively accounted for (if Lewis, 
Journ. C/iem. Soe. , H 3 , 471, 1918). The bimolecular velocity constant 
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in a gaseous system, the constant being expressed in gram-molecules per 
litre per second, is given by— 

= 3’tf x io- 1 x (r AB - x Ji/y" + ur x c - " a -I- 1 . (7) 

wheie ir AI1 denotes the range 1 of nearest approach of the centres of the 
A and It molecules in a collision, the terms i/ l and u-> denoting the root- 
mean-square velocities of translation of tfie molecules of A and H re¬ 
spectively at the. temperature 1’. 

It is an experimental fact that, the total observed critical increment 
in tin 1 case of bimolccular leactions (which proceed .it a measurable 
rate at ordinary temperatures) is usually between 10,000 and 20,000 
cals., this repiesenting the sum of the individual entical increments 
E A and E„. Consequently these individual quantities must be lower in 
general than the critical increment of a ummoieeular process which 
proceeds at a measurable rate, for this is known to possess at least as 
high an E value as the total E of the bimolecular case. This justifies 
the statement made abo\e that the equilibrium amounts of the active 
molecules of both A and II aie attained rapidly computed with the rate 
of the subsequent bimolecular process. 

It has already been stated that the frequency actually responsible 
for the activation of a given molecular species may be a sub-multiple 
of the liequeney which would be call ulnted directly fiom the critical 
increment. In other words, instead of one quantum effecting the de¬ 
composition or activation, more than one quantum, i.c. a Jew quanta, of 
correspondingly lower frequency may be actually involved in bringing 
about the change. We have already disc ussed this in connei tion with 
ummoieeular ptocesses. In the~>e cases the substitution of two quanta 
in place of one (larger) quantum results in a slower speed than would 
have been obtained if the change had actually been effected by the 
largei single quantum. 

In the case of eeitain bimoleeulai processes it is also to be antici¬ 
pated that activation will be effected by absorption by a few quanta per 
molecule in place of a single (correspondingly larger) quantum. This, 
however, does not affect the observed speed of the bimolecular reai tion ; 
it affects the late at which the active forms are produced, but since this 
is very much greater than the observed speed the latter is left unaffected. 
That activation may be brought about by the absorption of a few quanta 
in place of one can, however, be shown from a comparison of critical 
increments with absorption spectra. The only instance so far known in 
the case of gaseous bimolecular reactions i.s the thermal decomposition 
of ozone according to the equation :— 

-0;j 3O2. 

1 The quantity a Kn i.s related to the individual radii of the A and B molecules by 
the expression— 

ff* B = (<r A + a b)/2, 

where <r A and <r B denote the individual radii. 
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This reaction proceeds at a measurable velocity at relatively low 
temperatures such as ioo° C. Under these conditions it has been 
shown by Warburg {Ann. Physik [iv.], 9 , 1286, 1902), by Clement 
{ibid., 14 , 342, 1904), and by Chapman and Jones {Journ. Chem. Soc., 
97 , 2463, 1910) that the decomposition is truly bimolecular. Applying 
the equation for bimolecular reaction velocities in gases, vis. equation 
(7), it is possible to calculate, the value of the exponential term, namely 
e — 2 e/ht^ which appears in the velocity expression, by making use of 
the experimental data of Chapman and Jones. The tfrm E stands for 
the critical increment of one gram-molecule of ozone'in respect of the 
bimolecular change. Since two molecules are involved simultaneously 
the total critical increment which partly defines the speed of the reaction 
is 2E. It is thus found that E = 11,800 cals. The accuracy of this 
quantity depends mainly upon the degree of accuracy of the value 
adopted for the range of approach in a collision between two ozone 
molecules. This value of E agrees satisfactorily with that determined 
experimentally by ('lenient, namely 2E = 26,000 cals, and therefore 
E = 13,000 cals. The wave-length corresponding to E — 13,000 cals, 
is 2■ 1 7yx, that corresponding to E -- 11,800 is 2 - 40/;,; that is the activa¬ 
tion belongs to the short infra-red region. It is worthy of note that 
according to Warburg and Leithauser {Ann. /‘bysib [iv.], 28 , 313, 1909) 
ozone possesses a characteristic absorption band in the short infra-red 
with its head at 4 756/1. This is approximately double the wave-length 
or half the frequency obtained from a consideration of Chapman and 
Jones’ velocity data, and indicates that probably two quanta of the 
4'7 56 /j type arc involved in the activation of each ozone molecule, which 
must take place before the bimolecular process becomes possible. 
Naturally this degree of activation is only a partial one. To bring 
about the unmiolecular decomposition of ozone, that is to dissociate the 
ozone molecule into a molecule of oxygen and an atom of oxygen, as 
a minimum a quantum of energy corresponding to the red end of the 
visible region is necessary {cf. Griffith and Shutt, Journ. Chem. Soc., 119 , 
1948, 1921). 


Catalysis in Homogeneous Systems. 

On examining the expression obtained on the basis of the radiation 
hypothesis for the reaction velocity of a /////‘molecular process it becomes 
evident that the controlling term is the exponential, and that the smaller 
the critical increment, that is, the smaller the effective frequency the 
greater is the velocity. Consequently, on the radiation hypothesis it 
would be concluded that if some environmental influence, such as a 
solvent, alters the mode of vibration of the atoms or electrons involved 
in the chemical stability of the molecule (probably as a result of union 
of solute and solvent) in such 9 way as to decrease the trequency, then 
such a solvent will act as a positive catalyst with respect to some 
standard solvent condition taken for comparison. As a corollary' it 
would follow that a positive catalyst, of the environmental or solvent type 
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(and of this type only), must diminish the temperature coefficient of the 
reaction—since the temperature coefficient depends on the magnitude 
of the critical increment—and conversely, a negative catalyst of the 
same type will increase the temperature coefficient. 

Let us now consider the case of .a bimolecular reaction. As before 
the magnitude of the critical increment and therefore of the vibration 
frequency will depend upon the nature of the solvent. The rate, how¬ 
ever, depends not only upon the magnitude of the critical increment 
but also upon a^ollisional term covered by the product of the concen¬ 
trations of the reactants and certain other quantities. One of these 
concentration terms may be a solute catalyst itself and consequently a 
catalytic effect may be produced quite apart from a variation in the 
critical increment. The statement that a catalyst functions by affecting 
the critical increment—a positive catalyst lowering the temperature . 
coefficient, whilst a negative catalyst raises ^it—must be restricted to a 
particular type of catalysis, namely the solvent or environmental type. 
This restriction is so important that it is necessary to discuss homogene¬ 
ous catalysis in a little more detail in order to emphasise it. 

The term catalysis as usually employed is a comprehensive one, in¬ 
cluding non-stoichiometrie effects as well as stoichiometric. As examples 
of the latter we have reactions brought about by ions and molecules 
of solutes in homogeneous solutions : non-stoichiometric catalysis being 
found in the influence of the solvent, in the case of homogeneous solu¬ 
tions, and by the surface in heterogeneous systems. 

The intermediate compound view of catalysis, which has been very 
generally accepted and for which there is much experimental evidence, 
is not a general theory of catalysis as a whole. It applies essentially to 
stoichiometric catalysis with a possible extension to heterogeneous 
catalysis in which it is difficult and perhaps unnecessary to draw a sharp 
distinction between adsorption and temporary chemical combination. 

In the case of stoichiometric catalysis in homogeneous systems the 
intermediate compound view affords an explanation of one aspect of 
the phenomenon, namely, the purely material mechanism of the process. 

It serves, in short, to bring such catalytic reactions into the category of 
ordinary stoichiometric processes, to which we would not apply the 
term catalytic. It cannot do more than this. The further theoretical 
treatment of stoichiometric catalysis becomes identical with that which 
must be applied to stoichiometric «0«-catalytic processes. 

The characteristic feature of positive catalysis is the usually enor¬ 
mous increase in velocity brought about by the presence of the catalyst. , y 
On the basis of the intermediate compound theory this is due to the 
formation of entities which, in the absence of the catalyst, are either 
not produced at all or at most in minute amounts. The increase in 
speed is attributed directly to the great! increased concentration of 
reacting individuals. Whilst this is undoubtedly true for stoichiometric - 
catalysis no similar treatment seems adequate for non-stoichiometric 
catalysis. The explanation of the latter type cannot be found in material 
consideration alone, nor indeed can stoichiometric catalysis be completely , 
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stated in such terms; it is necessary to consider the energy changes 
involved as a preliminary to the observed material changes. 

In the light of what has been said above it may be concluded that 
in tnn-stoihiometric catalysis (solvent catalysis) the alterations in the 
observed velocity are due essentially to alterations in the critical incre¬ 
ment; in stoichionutric catalysis {solute catalysis) the increase in velo¬ 
city is due not to a cluingc, in the critical increment, hut to a change 
in the concentration product upon which the exponential is multiplied. 
(Naturally if so much solute catalyst is added that tfte nature of the 
medium is likewise alteied there vvilf be a change in the critical incre¬ 
ment at the same time. This behaviour may be looked for in reictions 
betwee n substances composing a liquid mixture, as distinct from a re¬ 
action in a dilute solution.) 

'That stoichiometric catalysis, eg. catalysis by means of ions, involves 
no sensible change in the ,ci itical inclement, is shown by the results 
obtained m the inversion of sucrose under the agency of hydrogen ions, 
this process having been shown to be a bimolecular one involving the 
hydrogen ion as one of the icaetants (cf. Moran and Lewis, Journ. Chew. 

Soc., 121 , i h i 3, 1922). 
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The vaiiations in the value of the temperature coefficient ovci a 
given range of temperature are iriegular and not laige; at the same 
time the velocity constant incieases over forty-fold, due to the increase 
in the concent 1 at ion of the acid. It is evident that the increase in the 
velocity is not due to any sensible change in the critical increment 
(which can be calculated from the temperature coefficient), but to the 
production of higher concentrations of reactants possessing aj proxi- 
mately a constant critical increment. 

It is of interest to contrast the relative independence of the value 
of the critical increment, E, in respect of concentration of the solute 
catalyst, e.g. the hydrogen ion, with the marked variation in E produced 
by altering the nature of the solvent. The data of von Halban on the 
decomposition of triethylsulphonium bromide in various solvents, 
already cited, is a case in point. Analogous results have been obtained 
by Dimroth {Lich. Ann., 373 , 336, 1910) on the decomposition of the 
methyl ester of ben/vl-5-hydroxy-1. 2. 3. triazole carboxylic acid. 



CATALYSIS IN HOMOGENEOUS SYSTEMS 


241 


Further, the measurements of Cox (Journ . C/icm. Sac H 9 , 142, 1921) 
on the addition of aniline to bromoucetophenone (a bimoleeulai pro¬ 
cess) show a similar effect. A selection fiom data obtained by ('ox is as 
follows:— 

* 

Solvent. E m calories. 

Benzene .......... 8,088 

Chlorotoim.* 10,760 

Nitrobenzene ......... 13,470 

Ethyl a’cqhol.13,910 

Benzj 1 alcohol. 14,290 

Whilst emphasising the influence of the solvent on the value of 1 C it is 
not intended to convey the impression that addition compounds in¬ 
volving the solvent are absent. To simply postulate their existence, 
however, cannot be a satisfactory explanation of solvent catalysis. 

In connection with solvent catalysis—as distinct from solute 
catalysis-—which, according to the view expressed above, has its origin 
in an alteration in the E term, it would be concluded that for a given 
reaction the greater the E value (/>. the greater the temperature co¬ 
efficient), the smaller the velocity constant, at a given temperatuie. 
This conclusion is borne out in a number of cases but is not general. 

The conclusion holds for the decomposition of trietliylsulphomum 
bromide in the solvents cited in the following table. The tempciature 
selected is 50" (.'., since velocity measurements have been made at this 
temperature by von Halban in the case of the solvents, nitrobenzene, 
tetrachloroethane, and amyl alcohol. The value quoted for piopyl 
alcohol is extrapolated fiom the lowest observed temperatuie, namely, 
6o° C., by the aid of the critical increment. Over this small range the 
extiapolation is sufficiently exact. 

Decomposition ok Triktiiyi.sulphonium Bromihe. 


Solvent. 


Velocity Constant. Critical Increment. 


j Nitrobenzene . 
i Tetrachloroethane 
Amyl alcohol . 
j Propyl alcohol . 


0-00145 28,390 

0-00134 31,03c* 

0-000218 33-53° 

o"oouooK8 33.96° 


Although these velocity constants decrease as the E value increases, 
it will be observed—contrary to what would be expected on the basis 
of the statement made above—that the velocity constants are not re¬ 
lated to one another simply in terms of the E values. Other factors 
are operative, e.g. possibly solvate formatior to different extents in the 
different eases, in addition to differences «n the refractive index which 
appears in the term multiplied upon the exponential (if the equation (6) 
be used), with the result that the velocity data as they stand are not 
strictly comparable. This means that the total solvent effect is not 
stated completely in terms of E, although this is usually the most 
VOL. 111. 16 
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\ significant factor. This modification must therefore be introduced into 
the too greatly simplified statement made earlier in connection with 
solvent catalysis. 

That the influence of the E term (as determining the relative values 
of the velocity constants) may be v>ver-ridden is shown by the above 
(unimolecular) reaction, when occurring in the two solvents, benzyl 
alcohol and acetic acid respectively. The experimental data refer to 
90° C. 

• 

Decomposition of Triethylsulphonium Bromide. 


Solvent. 


Velouty Constant. | Critical Increment. 


Benzyl alcohol, 
Acetic acid 


000159 36,180 

o’oooSo 29,220 


In these cases the higher E value accompanies the higher velocity 
constant, in direct contradiction to the conclusion drawn above. This 
is presumably a further, and more extreme, illustration of the lack of 
comparability alieady referred to between variations in E and variations 
in velocity constant. 

A similar deviation from what might be anticipated has been ob¬ 
served in bimolecular reactions. Thus Cox (he. cit.) has obtained the 
following results in the case of the reaction between aniline and bromo- 
acetophenone:— 

Union of Aniline and Bromoacetophenone. 




k at 37’B° C. 

Benzene . 

S,oS8 

©•000985 

Chloroform 

10,760 

0’00l86 

Nitrobenzene . 

13.470 

0-0135 

Acetone . 

11,080 

0*0269 

Benzyl alcohol . 

14,290 

0-0440 

n-Butyl alcohol 

14,060 

0-0550 

Ethyl alcohol . 

13,910 

0-0626 

Methyl alcohol 

12,440 

0*0748 


Attention may be called to the fact that the experimental values of 
velocity constants in the case of reactions in solution indicate the exist¬ 
ence of what might be termed a “ kinetic transition temperature ” below 
which the rule, that the higher E value accompanies the smaller velocity 
constant, holds good, but above which the reverse relation applies. 
We are here considering a given reaction occurring in two different 
solvents at the same temperature. ' An illustration is afforded by Cox’s 
measurements of the rate of union of aniline and bromoacetophenone. 
Taking the case ol the two solvents, chloroform and benzene, and extra¬ 
polating the velocity constant temperature curves, it is found that a 
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“transition point ” exists about 280" abs., whilst for the solvents acetone 
and benzyl alcohol there is “transition” at about 290° abs. At this 
point the two velocity constant curves cut one another. Below these 
temperatures the relation of E to k is in agreement with the rule that 
the smaller k accompanies the greater E. The theory embodied in the 
equations which precede would lead us to expect that the k values 
would tend towards the same asymptotic'limit, but actual intersection 
would not be expected. It seems necessary to conclude that the E 
values are not rpally constant bqt are affected by additional as yet 
unrecognised factors, such, for example, as the possible influence of a 
change in dielectric constant with temperature on the part of the 
solvent, or change in degree of solvation or polymerisation with 
temperature. At the present time (1923) we are not in a position to 
bring velocity constant data into quantitative relation with the magni¬ 
tude of the critical increment. 

Thermal and Photoche?nical Change ; the Thermionic and Photo-electric 

Effects. 

Th ese four effects, each of which has been considered already in 
some detail, bear a certain lelationship to one another and it is necessary 
to consider precisely what this relationship is. Let us consider, in the 
first place, thermal and photochemical change. 

Between these two conditions there is a resemblance and likewise a 
clear distinction. That both kinds of processes are attributed to radia¬ 
tion constitutes the resemblance. The distinction enters in the manner 
and extent to which the transformation of radiant energy occurs. 

In the photochemical case, as ordinarily carried out, a material 
system, at a relatively low temperature, .is exposed to the radiation 
emanating from a source of external radiation which possesses a certain 
area and is at a relatively high temperature. Under photochemical 
conditions, therefore, high temperature radiation acts upon low tempera¬ 
ture matter. As a consequence, the phenomenon denoted by the 
term coefficient of absorption enters, the evaluation of the coefficient 
requiring information regarding the thickness of the layer passed 
through by the light. The existence of an absoiption coefficient im¬ 
plies a directed radiational effect and the chemical changes produced by 
the light vary in different portions of the material system. The nature 
of the absorption is complex. Part of the light is absorbed and de¬ 
graded into longer wave radiation with a consequent average increase 
in temperature of the material system. The system attempts, as it were, 
to attain the temperature of the light source. This purely physical 
absorption seems to constitute in general nearly the whole of the ob¬ 
served absorption. There is in additior*, however, the chemical ab¬ 
sorption to be considered (when chemical change is possible), in which 
a part of the absorbed radiation is converted into chemical change. 
According to Weigert [Ahrens Sammlung, 17 , 178, 1912), in the case 
of the photopolymerisation of anthracene in phenetole solution, of the 

16 * 
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total amount of radiation absorbed only 4-5 per cent, is converted into 
chemical change. Further, if approximately monochromatic radiation 
from ari external source passes through a material system it may be 
diminished in intensity and eventually extinguished, i.c. reduced to the 
intensity characteristic of the wave-length concerned in a black body 
space at the temperature of the material. The intensity cannot fall 
below this. The photochefincal change brought about by radiation 
from an external source must depend upon the le;'m Jv/c, which 
measures the rate ol emission from the surface of the source. 

On the other hand, thermal change, on the radiation hypothesis, 
depends upon the energy density of the radiation of the wave-length, 
which can be selectively absorbed by the material throughout the 
material system itself. That is, thermal changes depend upon u,dv, 
and, fuither, the temperature of the radiation is identical with that 
of the matter. There is no directed effect comparable with that which 
is so chaiacteristie of photochemical change. There is consequently 
no net absorption eoefjuu nt determinable horn measurements at venous 
positions; in other woids, the amount of chemical change is inde¬ 
pendent of the special configuration of the volume. Owing to the 
identity of the temperature of the radiation and ol the mailer there is 
no net physical absorption such as that met with in the photochemical 
case. The net absorption or lemoval of radiation is entnely confined 
to the production of chemical change. The art of chemical change is, 
in fact, equivalent to a diminution in the radiation density of a certain 
wave-length, namely, that which the substance selectively absorbs. 
Such diminution is, however, made good at the expense of oil the other 
wave-lengths constituting the entire spectrum which <. haiueteiises a 
a black body space at the tempeiatuie in question. Such adjustment 
is supposed to be rapid compared with the speed of the chemical 
change itself, so that at no instant does the distribution of energy 
among the different wave-lengths differ sensibly from that of a black 1 
space. If the reaction is, as a whole, endothermic, radiant energy passes 
in fiom the thermostat and the reaction proceeds at a constant tempera¬ 
ture. The inverse happens in the case of a reaction which is, on the 
whole , exothermic. The radiation hypothesis has so far only been 
applied to processes which can be made to occur in a sensibly isothermal 
manner. In spite of the fact, therefoie, that the chemical change may 
be bi ought about by monochromatic ladiation, it follows from the above 
that the entire i.mge of wave-lengths from o to 00 is potentially avail¬ 
able for the chemical change, owing to the radiation as a whole being 
at one temperature which is likewise that of the matter. The supply 

/*0G 

of effective radiation energy is therefore proportional to I u v dv. It 
will be observed that no analogue of this exists in the photochemical 

1 In using the term black body space it is to be remembered that the black body 
space imagined is supposed to possess the same refractive index for each wave-length 
as is actually possessed by the material in question. 1 his iactor will vary from one 
material to another. 
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conditions, in which, when the monochromatic radiation is itself ex¬ 
hausted, the chemical process likewise stops—the photochemical process 
here considered being one which goes very slowly under thermal con¬ 
ditions. In the above respect, instead of the thermal and photochemical 
conditions being analogous, they are in fact in sharp contrast, for in the 
thermal case the approximately monochromatic radiation which is being 
removed by the chemical change is made* good at the expense of all 
the other frequencies, whilst in the photochemical case the approxi¬ 
mately monochrcynatie radiation impinging on the system tends to be 
comeited into radiation of all frequencies (physical absorption) the 
temperature of which is much lower than that of the initial beam. 
(Transfoi mation of radiation of one wave-length into another or others 
cannot take place unless matter is present, i.e. through tin* ititeimediary 
of oscillators by means of repealed absorptions and reflections. No 
dear view regaiding the actual mechanism of this has as yet been 
formulated ) 

The distinction between the thermal occurrence of a unimolecular 
process in a gaseous system and the photochemical occurience may be 
shown by considering the fractional number of molecules decomposed 
pel second. 

Undct thermal conditions this quantity is the velocity constant k 
itself, which is given on different formulations of the radiation hjpothesis 
b\ ((juations (f>), (6/») 01 (6c). 

In the photochemical case (even where the effective wave-length is 
tin' same as in the thermal case) it is necessarj to consider a certain 
layer, m\ that most contiguous to the wall of the vessel on which the 
light horn an external source impinges. Suppose the thickness of this 
layer to he dx, its (ross section being one square cm., the temperature 
of the gas being T. Then the number of molecules within this selected 
layer is given by /V/.iT’T, where p denotes the pressme of the gas in 
absolute units. Considering the action due to the emission from one 
square cm. of a black body at the temperature T v the total energy of 
frequency v absorbed per second is 2aE„dvdx {if Langmuir, loc. cil.) } 
where a is the total absorption coefficient of light of frequency v (actually 
of light lying between narrow frequency limits), E„ is the intensity of 
the radiation entering the layer, 'idle chemically effective energy ab¬ 
sorbed is a small fraction, 7, of the total quantity absorbed, that is, the 
chemically effective energy absorbed per second is 2 afd.yivdx, which 
from Planck’s definition of 1 % for a region of the spectrum in which v is 
sufficiently large (namely, the very short infra-red, the visible or ultra¬ 
violet), becomes - 


\Kii.yhv A 

Tj 


e "^ /ni dv . dx. 


c- 


This energy intake divided by hv gives the number of molecules de¬ 
composed per second as 


47myi'^ 


g—hi'lk Tj 


dv . dx 
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Since the total number of molecules in the layer is pdxjkli it follows 
that the fractional number of molecules decomposed in the layer per 
second is 


zsgZLj-w, j v . 

rp 


Apart from the presence f>f the dv term the fundamental distinction 
between this expression and those given for thermal change is the 
presence of the term T, instead of T in the exponential. Owing to this 
the terms ay make their appearance. 

We have now to consider the photo-electric and thermionic effects 
respectively. In the first, the electrons are emitted from a material 
owing to exposure of the surface to radiation from an external source at 
a relatively high temperature and usually of relatively short wave-length. 
The thermionic effect is the emission of electrons due to the temperature 
of the material itself and consequently due to the radiation density of 
all wave-lengths characteristic of the temperature of the material. It is 
obvious that the photo-electric effect is the true analogue of photo¬ 
chemical change, the thermionic effect being the analogue of thermal 
chemical change. According to Langmuir {/oc. cit), the number of 
electrons emitted thermionically from a body at temperature T is of the 
order io' 1 times the number which can be emitted by the photo-electric 
effect of black body radiation of temperature T acting on a relatively 
cold material. On the above basis one would expect the photo-electric 
effect, if this is more than “skin deep,” to involve such absorption terms 
as are represented by the product ay which appears in the photo¬ 
chemical case, whilst these terms should be absent from the expression 
for thermionic emission. Richards’ thermionic equation already dis¬ 
cussed, leads to a relationship identical in form with that of Arrhenius 
or of Marcelin and Rice. 



CHAPTER VIII. 


Energetics of the /bnic crystal lattice, and the affinity of atoms for electrons- The 

molecular crystal lattice—Molecular and atomic magnetic forces. 

The Ionic Lattice. 

The elucidation of the structure of crystals by the X-ray method has 
led to investigation of the mechanics of such structutes, their stability, 
the mode of motion of the ultimate particles, and the general energy 
relations involved in the dissociation and formation of lattices (cf. 
M. Born and Lande, Her. Deutsch. Jhys. Ges ., 1918 onwards; Zcitsch. 
fur Fhysik, 1920 onwards). 

As shown by the X-ray method the significant units in crystal salt 
structures are the atoms. By a refinement of the method, Debye and 
Scherrer (Physikal. Zcitsch., 19 , 474, 1918) have even shown that the 
electrons belonging to an atom are concentrated inside a very small 
space around the nucleus, the radius of the space being about one- 
tenth of 8 0 the lattice constant, this term denoting the distance between 
two similar atoms. 

From Rubens’ work on the residual rays characterise of salt crystals 
it follows that the atoms carry an electrical charge ; they are, in fact, 
ions. Born (, Sitzungsber . Frcuss. Ahad., 1918, p. 604), has shown the 
magnitude of the charge on each atom in the following way. 

On the classical electro-magnetic theory of radiation we would 
expect to find >r => D, where n is the refractive index of the crystal 
lattice for infinitely long w r aves and D is the dielectric capacity. As is 
well known, for wave-lengths in the ultra-violet, visible, and short infra¬ 
red regions, « 2 is less than D. Over a wide range in the far infra-red 
region, Born points out that the refractive index n r varies only very 
slightly with the wave-length, that is n r in the case of diatomic crystals 
is independent of the molecular forces which give rise to anomalous 
dispersion and depends only upon the masses of and charges upon the 
atoms. Born has obtained an expression for the quantity (D - nf), 
* which expression, contains the product of the wave-length considered 
into the electric charge on the atom. The necessary data on the 
positions of the residual rays, the refractive indices, and the dielectric 
constants in the case of a number of # crystals of different substances 
have been obtained by Rubens and from these it is thus possible to 
calculate the charge on the atoms. This is found to be identical, 
within the limit of error, with the charge on an electron. 

The interpretation of the’physical properties of the crystal lattice, 

247 
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such as its compressibility, involve a knowledge of the laws of attraction 
and repulsion existing in the lattice. The purely electrostatic attraction 
between cations and anions in the lattice varies necessarily as the 
inverse square of the distance apart. To account for stability it is 
necessary also to postulate repulsiops between the cations and anions. 
Born has found that this force varies as the inverse tenth power of the 
distance ; that is, the potential of this force varies as the inverse ninth 
power of the distance. Born and Lande have shown that such a law 
accounts quantitatively for the compressibility of diatomic crystals. The 
principle of the method is as follows. 

We begin with the self-evident expression for S 1( , the lattice constant 
for the case of a regular crystal of the NaCl type, which has four similar 
charged atoms in each unit elementary cube— 


«. - V 4 '" 1 


h + m~) 
N f > ~ 


— 1 ’86 x i 


o-y 


It/r'r + in ~ 


(0 


where m+ and aie the masses of the ions, ft the density of the 
crystal and N the Avogadro numbei. 

We liave next to consider the potential energy <t> of the elementary 
cube. This may be written— 


in which the first term on the right hand side refers to the electrostatic 
attraction of the atomic charges regarded as points, the second to the 
repulsive force between the atoms due to the electrons concentrated 
around each nucleus. The equilibrium condition rcquiies that <t> should 
be a minimum, that is, 

r/ 4 > n nb . . 

i/S 8* 8”+ l .... (3) 


For the equilibrium position, 8 becomes 8„, a quantity the numerical 
value of which can be obtained from X-ray measurements or by means 
of equation (1). Regarding 8 0 as known we have the following expres¬ 
sion for b — 

(4) 


By further differentiation of (2) and taking (4) into account we can 
write the potential energy of the elementary cube in the form of a series : 


^ A . a{n - 1) (8 - 8 n ) 2 L . 

+ -— y— . + etc. 

o 0 2 


Writing the change in volume of the yube as A we have, 

A == 8 3 — 8 0 3 == 3 8 0 *(8 - a,), 


since in general 8 is very nearly the same ks 8 0 . 
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Whence 


4> = 't’n + 


n(n - i)A“ 
188,,- 


Now, pressure,/, am be defined as the change of potential energy with 
the volume. That is— 

_ </«!» a(n -» i)A 

^ d\ 98 () 7 

Further, the compfessibihty k of the crystal is given by : 

1 dv t d\ 
v dp dp 

whence •' — (5) 


'The calculation of a, as given by Born and Lande {Sitznngsher. k.freuss. 
A bad ., 19x8, p. T048), is — 

a = 13-95 r ( 6 ) 


where e. is the electronic charge in electrostatic units, this value being 
of course independent of 8„. Setting e = 4774 x io~and combining 
equations (1), (5) and (6) we obtain—• 


/? = 1 + 3-505 x 


1 o~ ia x 


j/m+ + m~\ 4 l 3 




) 


( 7 ) 


The expression allows us to calculate (// + 1) the exponent of the re¬ 
pulsive force. The values thus obtained for this quantity are given in 
the following table. The compressibility data are those of Richards 
and Jones (/. Amer. Chan. Sac., 31 . 158, 1909):— 


S.. 1 I 

VI + 

m ” . 

P 

k Observed 
( x ioi‘<i). 

11 (Calculated from 
Equation 7). 

NaCl 

23*0 

35*5 

2-17 

4*1 

7*91 

NaBr 

23-0 

79‘9 

3 ’ 01 

5*1 

8-63 

Nal 

23-0 

126-9 

3*55 

6-9 

847 

KC1 

39-1 

35*5 

198 

5*o 

9*«5 

KBr 

39 * 1 

79*9 

2-70 

6-2 

g-8o 

KI 

39 * 1 

126-9 

3‘°7 

8-6 

9*33 

T1C1 

204 

35*5 

7-02 

47 

9*25 

TIBr 

204 

79*9 

7*54 

5*1 

9-67 

Til 

204 

126 9 

7-06 

6-7 

9*84 


The mean value of n is 9-20. If we assume that n is an even integer 
it follows that • 

n = '9. 

That is, the repulsive force as calculated from the compressibility varies 
as the inverse tenth power of the ’distance between the ions. 
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In the case of calcium halides, which involve a divalent cation, the 
structure of the lattice differs from that of the salts referred to above, 
thereby giving rise to a different value for a. Erl. Bormann (Zeitsch. 
Physik, 1 , 55, 1920) calculates a for CaF 2 to be 46-93^. Employing 
equation (5) and substituting the known value of the compressibility, it 
is found that n for this case is 7*20. 

No compressibility data .arc available in connection with lithium salts. 
The behaviour of these salts may be expected to differ considerably from 
that of the other alkali halides because of the fact that the lithium ion 
possesses only two electrons and cannot therefore exhibit cubical 
symmetry. The exponent n should therefore be 5 instead of 9 (cf. Bom, 
Per. Deutsih. phys. Ges., 21 , 14, 1919). 


Notr on the expression for p. The expression already employed is 

__ 'a(n - i)A 

r ' 9 V ’ 

This is an approximation, only two terms out of a series having been employed. 
This arises from writing the approximation A = 3$^ (8 - B 0 ). The exact value for 
p is obtained by differentiating equation (2), which gives— 



That these two expressions for p are approximately the same may be seen as 
follows— 

As an approximation we can write. 

S (n-i) - S 0 (n-')= (8 - \)(n - i)8*- 2 . 


Hence, from the exact equation for p we obtain— 

_ a(8 - 8„)(« - i)8 n —- 
r ' 35*8"- j 

a(u - i)(8 - 8„) 

-38® 

_a(n - r) . 3 y<* - 5 n ) 
9*V 

n(n - i)A 

= - approximately. 


'The value assigned to n in the case of the alkali halides (other than 
that of lithium) is of great importance in connection with the structure 
of the atom in general. Thus Born and Land£ ( Siizungsbcr , Preuss. 
A had., 1918, p. 104S, Per. Deutsch. phys. Ges., 20 , 292, 1918) have 
shown that the early Bohr model (later discarded by Bohr himself), 
when applied to crystals, permits of a calculation of the lattice constant 
8 0 which is in reasonably good agreement with the “ observed ” value 
(i.e. that given by equation (1) supra), but at the same time gives rise to 
a force of repulsion between two oppositely charged atoms the potential 
of which varies as the inverse fifth power of the distance. This in turn 
leads to values for the compressibility of the crystal which are about 
double those observed. The discrepancy is sufficiently great, according 
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to Born, to make it necessary to substitute for Bohr’s early model an 
alternative one. Born finds that the cubical atom model due to Lewis 
and Langmuir actually leads to the inverse ninth power relation for the 
potential of the repulsive force in agreement with the results obtained 
above for alkali halides. 

Thus far we have dealt with the purely physical aspect of the lattice 
theory. Its importance becomes even greater when we turn to the 
chemical applications. We shall first consider the heat of dissocia¬ 
tion of the crystal, lattice ( cf. Born, Her. Deutsch. phys. (res., 21 , *3, 

In the formation or dissociation of a crystalline substance the 
potential electrical energy 4 > (equation (2) supra) of the lattice must 
manifest itself in the form of heat. The lattice theory can therefore be 
tested by comparing the calculated heat effect with that observed. By 
combining equations (2) and (4) we obtain the following convenient 
expression for the lattice energy— 


<P = - 


The term <t> refers to the normal state of the elementary cube which in 
the case of salts of the NaCl type contains four ions of each kind, that 
is four molecules in the ordinary chemical sense. If N is the Avogadro 
number per gram-molecule it follows that the lattice energy is N4>/4. 
This quantity may be denoted by - U, where U represents the work 
necessary to dissociate completely one gram-molecule of the crystal into 
free ions (not into atoms or molecules). Strictly U refers to absolute 
zero; its value will however be approximately the same at ordinary 
temperatures. We thus obtain theofollowing important result on the 
basis of the lattice theory— 

” a(-;') <■> 

Making use of equation (1) and substituting the numerical values 
for the constants and converting to kilocalories we obtain— 

For lithium salts (« = 5), 

U = 490 3 / f> 

\ m+ 4 - m~ 

For the remaining ajkali salts (« =* 9). 

U - 

Values of U calculated by Born f>y means of these equations are 
quoted in the following table. The values in the case of the calcium 
salts have been calculated by'Fpl. Bormann [loc. cit .). 
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Lattice Energy per Gram-molecule (in Kilo-cals.). 


Salt. 

U. 

Salt. 

U. 

LiCl 

179 

Li I 

I 53 

NaCl 

182 

Nal 

T 5 S 

KC1 

163 

KI 

M4 

RbCl 

155 

Cal% 

612 

CsCl 


CaCl 2 

4*3 

LiBr 

ifl*/ 

CaIJr 2 

454 

NaBr 

171 

CaL 

424 

KI3r 

r 55 

TiCl 

' 169 


La tide showed Inter {Yxitsch. PZtywk, 2 , 396, 1920) that the value 
ft — 9 employed by Born, in what would be regarded as the simplest 
form of the lattice theory, holds exactly onl) for two ions having the same 
number of electrons each. As icgards the lattice energy U, somewhat 
different values have been rah ulated by Fujuns and Her/feld {/.citsch. 
Physik, 2 , 3°9j 1920) by modifying Born’s expression for the potential 
eneigy so as to take into account trims containing the inveise fifth 
and seventh poweis of the distance as well as the ninth. “The theory 
removes the discrepancy in the relative magnitudes of the lattice 
energies of the respective sodium and potassium haloids and, moreover, 
explains the smaller relative \ahir of the lepulsion potential domed 
from available compiessibiht) data in the case of the sodium salts as 
compared with the potassium salts.” 

The Baiuns- 1 fer/feld values for U are— 


Nat . 



NaBi 

• r 59'7 

KF . 


. I( IJ'S'2 

KBr . 

• 150-4 

KbCl 


• I 54'b 

Rbl . 

• 1.35'b 

NaCl 


170-0 

Nal . 

. 1467 

KCI . 


• 159'° 

KI . 

• *39 x 

RbBr 


• I4b'5 * 




Fajuns and Herzfeld have also calculated the values of the radii ol the 
ions composing the alkali halide lattices. The following lesults were 
obtained :— 


Ion. Na + K 1 Rid I-~ Cl - Ur" I - 

Radius x 10 s in cm. (>'5x7 0-794 0-914 °'75 0-953 1021 1122 


No diieet evidence is available for testing the general accuracy 
of the individual values of U, since the observed heats of formation 
of salts from their elements involve the latter in the atomic'or molecular 
form as distinct from the ionic form. A comparison is possible, however, 
by considering a type of reaction which entails only an exchange of 
ions in the crystal lattice, the reactants and resultants being in the 
solid state 

NaCl +,LiI = Nal + LiCl. 

« 

The difference in energy AU between the initial and final states is 
given by— 

AU = Un»CI + UliI - Utfal - Unci 


( 9 ) 






THE IONIC LATTICE 


253 


The value of AU can he obtained from the data already given. Further, 
the heat of formation Q of each of these salts from their elements is 
known, t yg. NaCl = Na + i/'-’Clj + Q\ a ci» etc. 

Whence the net heat effect AQ of the above reaction is given by— 

AQ = QnsCI + Q1.1i - QnjI - Q1.1C (10) 

and, if the theoiy is correct, AU should be identical with AQ. 

In the case of the above reaction AU lies between - 2 and - 3 
whilst AQ = -4., The sign and order of magnitude is correct, but 
the method obviously leaves much to be desiied since die results to 
be compared represent small differences between very large quantities. 

Born has attempted an alternative mode of companson b\ taking 
into consideration the energy required to ionise the gaseous atoms 
from which the salts could be foimed. Thus, the formation of eiystalline 
NaCl from its elements could be analysed into the following stages:— 

1. Vaporisation of metallic sodium into isolated atoms, and ionisation 
of the latter. The total energy required for this is denoted by Z Na 
corresponding to the process : Na (solid) —> Na (gas) —> Na'b + ©. 

2. Dissociation of chlorine gas into its atoms and ionisation of the 
latter, the total energy required being Zci, coriesponding to 1/2 Cl, gas 
-»CH + ©. 

3. There is also a term apparently not taken into account by Born, 
namely, the cneigy evolved m the conversion of positively charged 
chlorine ion according to the s< heme : C 1 + 4- 2© -> CD - into the 
negatively charged form. This may be denoted by I'c\- Adding the 
three stages together we obtain— 

Q.NaCl = UNaCl -I" Z’CI “ ~ Z C |. 

Similarly for KC 1 — 

Qkci = Ukci + Z'ci - Zk - Z C1 . 

Subtracting, we obtain— 

Qn»u - Qkci — UNaCi — Ukci - In a + Ik 

which may be rewritten thus— 

Zn 3 - Ik = UNaCl - Ukci - Qn.ici + Qkci. 

The left hand side depends only upon the metals and not upon the 
halogens. We should therefore obtain the same value for (Z Na - Z K ) 
or AZ from different halogen salts, provided the values of U which 
are based on the lattice theory are sufficiently correct. The following 
table contains the results obtained 


; ** 

F. 

Cl 

iir. I. 

Mean. 

i 

Z L , - Z K 


+ 28 

! | 

+ 28 i 4 - 28 

+ 28 

ZNa - Zk 

+ 22 

+. 27 

i 

+ 23 ! + 25 

i 

+ 24 





254 


A SYSTEM OF PHYSICAL CHEMISTRY 


In so far as this mode of testing has value the conclusion arrived at 
above is borne out. 

Born points out further that the Z term for any metal is made up of 
the latent heat of vaporisation, D, at absolute zero, together with the 
work, J, of ionising the gram atom, so that Z = 1 ) + J. From the 
known values of 1 ) and J it should be possible therefore to evaluate 
Z, and consequently AZ, for any pair of metals. The results could 
then be compared with the numbers such as those given in the final 
column of the preceding table. Unfortunately the values of D are 
known only very approximately and consequently it is almost impossible 
to apply the method. The results such as they are are favourable 
to the theory. On this basis Born is even able to find evidence in 
favour of n — 5 rather than ti — 9 lor the lithium salts. 

A more exact test of the lattice thcor) as expressed in equation 
(8) has been carried out by Fajans {licr. Deutsch. Phys. Ges., 21 , 
542, 1919) based on the heats of solution of salts. Let us take the 
case already considered namely : NaCl + Li I = Nal + LiCl. 

Sodium chloride and lithium iodide mixed together are dissolved 
in a given quantity of water and the heat effect observed. A similar 
measurement is carried out with a mixture of sodium iodide and 
lithium chloride, using the same amount of water. The diffeience 
between the two observed heat effects gives the quant it) AO which 
is identical with AU (equations (9) and (10)), for in both cases the 
resulting solutions are identical in composition. Instead of working 
with mixed salts the values for individual salts may be employed, 
provided the dilution is so large that the limiting heat value has been 
attained in each case. This condition has been realised in a number 
of cases in which the heat of solution has been determined. Making 
use of such data Fajans gives the following table in which AL, which 
stands for the value of AQ as determined by this method, is compared 


with AU obtained on the basis of the 
stands in general for heat of solution. 

lattice theory. 

The symbol L 

Reaction 

AU. 

AL. 

KC 1 + LiBr -= KBr + LiCl 

+ 4 

36 

KC 1 + Lil = KI I LiCl . 

+ 7 

7.2 

KC 1 + NaBr - KBr + NaCl 

+ 3 

2'0 

KC 1 - 4 - Nal = Kl + NaCl 

+ 5 

3'4 

2KCI + CaBr, = aKBr + CaCI 

+ g 

h'<i 

aKCl + CaL,2KI + CaCl a 

+ 12 



The agreement between AU and AL is satisfactory. 

Fajans {/oc. at., p. 549) has further investigated the individual heat 
of solution, L, of single salts,* pointing out that this quantity is made 
up of two effects («), the energy required to dissociate the salt into 
free gaseous ions (- U), and (b) the heat evolved when these ions are 
dissolved in water. If the solution be* very dilute it follows that the 
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heat evolved in (b) must be an additive effect due to the anions and 
cations separately. This heat effect is regarded by Fajans as heat of 
“ hydration ” of the gaseous ions, the term hydration being taken to 
mean the condensation of an indefinite (non-stoicheiometric) number 
of water molecules around the ion in a manner analogous to electro- 
striction. It must be emphasised that it is a gaseous ion which is 
involved in this ; the values obtained for si^ch heats of hydration bear 
no relation to the much smaller heat quantities usually attributed to 
the formation of “definite stoicheiometric hydrates of ions in solution. 
Taking the case of potassium chloride we can write— 

K+ gas + Cl - gas = KCl solid + U 
where U is given by the lattice theory, and 

KCl solid + Aq = K+aq + Cl~aq + L (observed) 
whence, K+ gas + Cl~ gas + Aq = K+aq + Cl—aq + U + L. 

From this it follows that W (cation + anion), the heat of hydration 
of both ions (originally gaseous) = U + L. 

The following typical results illustrate the extremely high values 
obtained in this way. The heat effect is given in kilo-calories per 
gram-molecule. 


Salt. 

W 

(cation + anion). 

Salt. 

w 

(cation ■+- anion) 

LiCl 

is? 

CaCl.j 

4-28 

NaCl 

180-5 

Nal3r 

171 

KCl 

*59 

KBr 

150 

RbCl 

150 

KI 

139 

CsCl 

151 

TIC1 

159 


The calculation just given affords values for the heat of hydration 
of both gaseous ions. Fajans proceeds next to calculate the heat of 
hydration of individual ions. It is necessary, in the first place, to con¬ 
sider the heat of formation of the ion in solution from the corresponding 
element. This quantity is determined by the electrochemical method 
of Ostwald (Zeitsch. physikal. C/tem., H, 506, 1893) and of Jahn 
{Ibid., 18 , 42 r, 1895). The method involves the absolute value of 
the standard electrode and is therefore not very exact. In the case 
of hydrogen the formation of the ion in solution according to the 
scheme: FL, gas — .2 Q 4- aq 2H+aq, has a nett heat effect which 
is almost zero. In the analogous case of potassium the heat effect 
is 62 kilo-cals. per gram-atom approximately. We have next to carry 
out this process by another path, namej’, by obtaining the value of 
the energy absorbed in vaporising »an atom of the element and then 
in ionising this atom, the resulting ion being imagined to be dissolved 
in the solvent and becoming hydrated in this process. On proceeding 
in this manner and also allowing for the heat of vaporisation of the 
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electrons from the platinum in the case in which the hydrogen electrode 
is employed—a correction pointed out later by Born ( Zettsch. Physik, 1 , 
45, 1920)—values were obtained for W, the heat of hydration of 
individual gaseous ions. These values expressed in kilo-calories per 
gram ion are given in the following tabL :— 


Cations 

Heal of Myiration Anions 

Htat of Hydration 

11 1 

262 Cl 

77 

Ei 1 

no Hi 

GK 

Nat 

103 F 

57 

K 1 

82 

— 

Kbl 

73 

— 

C R t 

74 

— 

TH 

82 

- 

C.T 1 't 

344 


Taking the 

values of W quoted as substantially correct Born has 


shown that a simple mode of calculation of the heat of Imlration of 
gaseous ions presents itself, The expression involves the radius of the 
ion and this can be calculated by employing the above heat \alues. 
The results are of the correct order of magnitudes Brief!}’ Born’s 
method is as follows :— 

Consider a spherical positive or negative ion of radius r t carrying 
the charge 'Ac, where Z is the valency. The electrical field E outside 
the sphere when the latter is placed in a medium of dielectric capacity 
c possesses the energy— 




s ' 4 kvs 


where the integration has to be carried out over the whole volume out¬ 
side the sphere 

E = Z ejr-, and r/S = \r l drdil 


in polar co-ordinates, where dtl is an element of the unit spherical 
volume. 


Hence 


U = • A 7 ? 

07 TC 


ZV- ZV- 

" - r-dr — 
r* 2 a\ 


The electro-static energy of the ion is therefore 

in air (« = 1) : 7 Je' 2 j2r t 

r /'» 

/ ,, \ Z“C’“ 

in water (e = 81) 

The work obtained by bringiftg the ion into the water is the difference 
of the two energy quantities. Considering one gram ion and converting 
into kilo-cals., the heat of hydration is given by 

1*64.10 _C Z ‘ l jr. 
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Employing the value's already obtained for W, Born calculates r, and 
compares it with r a , the radius of the atom as obtained from the density 
and the ordinary atomic volume of the solid element. The values ate 
given in the following table :— 


Element. 

x loS - | 

1 

i 

'll X 10 " 

Element. 

> X 10 s . 

Xl1 

H 

i 

n-r,25 ; 

1*68 

Ti ; 

! 

2-0 I 

1-89 

Li 

i* 49 » i 

172 

Ca 

I 91 j 

2'if) 

Na 

i ‘59 

2 * It) 

C! 

•Cl 3 | 

i *94 

K 

2 *0 > 

2’62 

Hr 

2 - 4 I | 

2 - og 

Rb 

2*2,| 

2’ttl 

' | 

2-88 | 

2* if) 

Cs 

2‘22 

y(>2 

* 


— 1 

— 


It is evident that r x is of the correct order of magnitude which, in so 
far us this goes, supports the simple theory outlined. It is noteworthy 
that in the case of Cu the \alue of r t is obtained by setting Z — 2 (since 
the ion is divalent) ; discordant results would be obtained on any other 
value of Z. For all positive 10ns, with the exception of Tl, r a > ; for 

negative 1011s t\ > r a . From this Born argues that in the formation of a 
positive ion the outermost electrons are torn from the atom, whilst 
electrons are added in the case of the negative 1011s. 

The Affinity of Neuhal Halogen Atoms for Electrons} 

The affinity of a neutral atom for an elation is measured by K, 
where E is defined as the work which must be expended to remove an 
electron from a (negatively charged) halogen ion. Born shows that E 
is a positive quantity, that is, the neutral halogen atom has a positive 
affinity for an electron. Born’s argument is as follows. We begin with 
solid potassium chloride and imagine it decomposed into free gaseous 
ions in two different ways. 

The first way corresponds to the direct dissociation (ionisation) 
which involves an absorption of U energy units, namely, 163 kilo-cals. 
per gram-molecule. 

The second way corresponds to the decomposition of the salt into 
its electrically neutral'elements, namely, metallic potassium and gaseous 
molecular chlorine, whereby Q units of heat are absorbed, viz. 106 kilo- 
cals. per gram-molecule of KCI. The potassium is then vaporised, the 
heat absorbed being about sr kilo-cals., and the atoms are ionised into 
ions and free electrons. The latter process corresponds to the ionisation 
potential of the metallic vapour which is equivalent to 99 kilo-cals. per 
gram-atom in the case of potassium. Ai the same time the molecular 
chlorine is dissociated into its atoms, thereat absorbed being taken by 
Born to be 53 kilo-cals. per gram-atom (although this is probably too 

1 Born, Ber. Deutsch. phys. Ges., 21, 679, 1919 ; Fajans, ibid., 714 ; Foote and 
Mohler, Joitrn. Amcr. Client. Sue., 42,' 1832, 1920. 

VOL. III. 17 



A SYSTEM OF PHYSICAL CHEjfIS TRY 


high a value), and each of these atoms attaches itself to one of the 
electrons set free by the ionisation of the potassium vapour. 

We have thus arrived at the same end point by two different paths. 
Equating the energy terms, it is found that the union of an electron 
wjth the chlorine, bromine and iodine atom respectively, involves the 
evolution of 116, 87, and 81 kilo-cals. per gram-atom. 

It is important to observe that whilst the affinity between a halogen 
atom and a free electron is thus found to be a positive quantity, the 
reverse is true of the hydrogen atom, according to the ingenious cal- 
culationof Klemenc ( Zeitsch . Elektrochcm., 27 , 470, 1921). Klemenc 
finds that energy in amount 394 kilo-cals. has to be absorbed in order 
to render possible the process : H + Q H~. 

Returning to the case of the halogens, it must be pointed out that 
at present we have no means of verifying the values quoted in a direct 
manner. Born has, however, tested the general accuracy of the calcul¬ 
ated value by an indirect method, based on the ionisation of the 
hydrogen haloids. The mode of ionisation in this case was assumed 
by Morn to be : HCl-> H+ + Cl - , and this assumption was later con¬ 
firmed experimentally by Eoote and Mohler (Joe. cif.). The corresponding 
energy term we shall denote by Jhci- The various inter-relationships in 
the case of gaseous hydrogen chloride are shown conveniently by the 
following scheme, which is due to Haber ( Ber. Deutsch. J>hys. Ges., 21 , 
754, 1919) 

HC1<-Qhci* -H, Cl 

t t 



JH 

t 


H+,Cl-« -E«e~-- -H+, Cl, e. 

Symbols separated by commas indicate free atoms or ions which are 
supposed to be at an infinite distance from one another. The direction 
of the arrows corresponds to an evolution of energy. The quantity 
Jnci differs from Unci by an amount identical with the heat of sublima¬ 
tion of solid hydrogen chloride. Qua denotes the heat which would be 
evolved by the union of atomic hydrogen with atomic chlorine, a quantity 
which is known to be 117 kilo-cals. per gram-molecule of HC 1 formed. 
Jh denotes the energy of ionisation ’of a free hydrogen atom, namely, 
310 kilo-cals. corresponding to the ionisation potential i3‘4 volts. The 
symbol c stands for an electron. ' Passing from the right-hand lower 
corner of the diagram to the upper left-hand corner by the two paths 
and equating the energy terms, it is fpund that Jhci = 311 kilo-cals., 
this quantity being based in part on the value of E for chlorine calculated 
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by the lattice theory. The quantity, 311 kilo-cals. corresponds to an 
ionisation potential of 13'5 volts. Foote and Mohler (Joe. cit.) have 
found by direct experiment 14 volts, which corresponds actually to 
320 kilo-cals. The agreement is satisfactory. born finds that the 
value of J for HBr and HI arc very similar to that for HC 1 , the values 
being 

Jhci = 3 20 (3 ri ) kikf-culs. 

• jHBr = 3 1 1 )» 

• Jhi = 302 


Born and Frl. Bormann ( Zeitsch. P/iyh/k , 1 , 250, 1920) have also cal¬ 
culated Jh.jS to be 716 kilo-cals., whilst Lande (ibid., p. 400) calculates 
Jhf to be 350 kilo-cals., anc^ Jn a o 533 kilo-cals. corresponding to the 
process : H 2 0 (gas) -> 0 — + H+ + H+. 

The energy of ionisation, J, of the hydrogen haloids, has also 
been calculated by Knipping ( Zeitsch . Physik, 7 , 328, 1921) who gives 
the following values :— 


Gaseous Haloid 

IICl 

HBr 

HI 

HCN 


J in Kilo-CaH. 
331 
317 
308 

357 


Ionisation Potential 
14*4 volts 
I3’8 •» 

T 3‘4 .. 

* 5‘5 » 


The quantity, J, for hydrogen haloids has been analysed by Haber 
(Joe. cit.) who has shown that it can be accounted for on the basis of a 
displacement of the nucleus of the halogen ion writh respect to its 
electrons when the nucleus is attached to a hydiogen nucleus to form 
the hydrogen haloid. The normal arrangement for a halogen ion is 
represented by a cube with the nucleus at the centre and the elections 
at the corners. This is the form in the alkali chloiides, for example; 
in hydrogen chloride the halogen ion is deformed. 

It may be mentioned that CuthbertsoiVs value for the dispersional 
frequency of hydrogen chloride corresponds to the wave-length 918^67 A. 

Converting this into frequencies and applying the principle of the 
photo-chemical equivalent, we find that N hv — 309 kilo-cals., w'here N 
is the number of molecules in one gram-molecule and v is the dispersional 
frequency. This energy value is in satisfactory agreement with that 
obtained above. 

It is noteworthy that the energy of ionisation of gaseous hydrogen 
chloiide (into two oppositely charged ions) is almost the same in 
magnitude as the energy of ionisation of a free hydrogen atom into a 
hydrogen nucleus arid an electron. This means that the affinity of the 
hydrogen nucleus for an electron is practically the same as the affinity 
of the hydrogen nucleus for a halogen ior. This is considered in some 
detail by Haber (Joe. cit.), who concludes "that the heat of formation of 
ail the alkali chlorides in the gaseous state from the gaseous atomic 
elements is the same as that for hydrogen chloride, namely, 117 kilo- 
cals. per gram-molecule of salt/ In the course of his considerations 
Haber estimates that the heat of sublimation of the alkali haloids is of 

17* 
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the order 60 kilo-cals., a very large quantity when compared with the 
corresponding term for the solid hydrogen haloids, namely, 4 to 5 kilo- 
cals. per gram-molecule. Haber shows, however, that the above value 
for the heat of sublimation of the salts is in agreement with their 
high sublimation temperature. Further, the heat of sublimation of the 
alkali chlorides has been calculated to be about 50 kilo-cals. by Reis 
{Zn/Kf/t. rhysik , 1 , 294, 1 9 io ; cf. also Weinberg, ibid., 3 > 337, 1920). 

For this purpose Reis assumes that the ionisation of the gaseous 
molecule of the salt can be treated similarly to the ionisation of the 
molecule in the crystalline state if allowance be made for the fact that, 
in the solid, each pair of ions is surrounded in other ions, whilst in the 
gaseous state the pair of ions is isolated and consequently their mutual 
attraction is increased. The difference between the two energies of 
ionisation necessarily gives the heat of sublimation. The following are 
representative values obtained in this way. The quantities are given in 
kilo-cals. per gram-molecule:— 


N.ICI. 


N.il. 

KCl. 


Kl. 

RhCl. 

I CsCl 

Heat of sublimation 58 

55 

51 

52 

5 ° 

4 & 

5 « 

50 


Weinberg’s values are approximately 5 kilo-cals. less. 

Haber has applied quantum considerations, in the form of the law 
of the photochemical equivalent, to the alkali haloid (ionic) crystal 
lattice in the- following manner. The dispersional frequency r„ of the 
solid salt (obtained fiom measurements of the refractive index) is re¬ 
garded as representing the most violent electronic movement ol which 
the lattice is capable, and therefore corresponding probably to the 
energy II lequired for its ionisation. On this basis we wiite : U = N//c () , 
where N is the Avogadio constant. In the case of potassium chloride 
(sxlvine) the limiting wave-length, winch corresponds with r„, has been 
found to be 160-7^u., that fur rock salt being 156'3/x/i. Hence N//r 0 for 
KCl and fot NaCl is calculated to be 177 and 182 kilo-cals. per gram- 
moleeule respectively, whilst U as calculated by Horn is 163 and 182 
kilo-cals. respectively. The agreement is surprisingly good in view of 
the somewhat uncertain nature of the theoretical basis emplojed by 
Haber. In the case of other salts for which Horn has calculated U 
the necessary refractive index measurements have not yet been made. 
Haber, however, makes use of his “ square-root rule,” already mentioned 
in Chaptet VI.. which connects the known characteristic infra-red vi¬ 
bration frequency »> of the salt, as determined by Rubens, with the 
quantity r 0 . Haber's formula is— 


»'o 




= V, X 


42 ' , Si 



4 m^m., 

Wj + 


where m l and w., are the atomic weights of the elements composing the 
salt. On this basis the following values of have been calculated 
in kilo-cals.:— 
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Salt 

NaCl. 

KC1 

KBr. 

NK 

173 


Lsl 

L Horn 

182 


I 55 


KI 

! I1C1 

! Tlllr 

Til. 

1 Lil' 


I44 

157 


33 r > 

I 

Ml 

ifrg 

r&3 

151 

! 


With the exception of lithium fluoride, where the discrepancy is very 
great, the degree cjf agreement is satisfactory. 

We have now to considci the struct uie of me tots. At first sight 
this might appear to he a simpler case than that of salts (in which at 
least two different kinds of atoms are present); actually, however, our 
knowledge of the structure metals appeals to be of a somewhat more 
speculative character than is the case with salts, at least salts of the 
simple alkali haloid type. 

Metals are characterised by their electrical and thermal conduc ting 
capacity, properties which were formerly explained on the basis of freely 
moving electrons, each electron possessing considerable thermal capacity, 
since a freely moving electron should have at least the energy (3/2)/’T 
in virtue of translation. Dcteiminations of the specific heats of metals, 
carried out to test the applicability of the quantum theory to heat 
content, have shown, however, that the heat capacity of electrons must 
be negligible, until extremely high tempeiatures aie reached. The free 
election theory consequently breaks down. In its place Iandc mann 
[Phil. Mig. [vi.], 29 , 127, 1915) has suggested that a metal consists of 
two interleaved space lattices, one consisting ol metallic ions, the other 
of electrons. On this basis, the electrical conductivity is due to the 
movement of the electron lattice as a whole through the ionic lattice. 
The lesistancc which the electron lattice experiences is due to the 
vibrations of the ions of the ionic lattice-, which impede the movement 
of the electron lattice as a result of electrical icpulsions. At very low 

temperatures, however, the vibrations of the ions are small and the 

electrical conductivity should be abnormally great. This corresponds 
with the known supra-conductive state discovered by Onnes at the 
temperature range below 3 0 absolute. If the metal is not pure the 
ionic lattice is heterogeneous, and the election lattice has greater 
difficulty in moving through it. That is, the presence of an impurity 

should increase the n sistance of a metal, a conc lusion which is borne 

out by experiment. As the electron lattice moves through the ionic 
lattice at temperatures above zero it will transfer to the latter a certain 
amount of the kinetic energy which it has gained from the impressed 
electric field; in other words, the temperature of the metal will rise 
as a consequence of the passage of cumnl. Lindemann shows that 
this theory of the metallic state is in agreement with Ohm’s law. As 
regalds thermal conductivity, on tlfe lattice theory, heat is transmitted 
as elastic waves. The thermal conductivity of a metal may be regaided 
as the sum of the conductivities of the two lattices. The thermal 
conductivity of the ionic lattice is necessarily of the same order as that 
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of a salt crystal and is therefore negligible at ordinary temperatures. 
The conductivity of the electron lattice, on the other hand, will be 
large, for, as Lindemann shows, it will behave like an ionic lattice at a 
very low temperature where such lattices are known to possess high 
thermal conductivity. Further, the.specific heat of the electron lattice, 
owing to its high limiting frequency, is extremely small. Thus, without 
attributing any measurable Ijeat capacity to the electrons, it is possible 
to have a large thermal conductivity as a whole in the case of a metal. 
This is in excellent agreement with the results obtained from measure¬ 
ments of specific heats, and constitutes the main 'advantage of the 
electron lattice theory, as distinct from the older free electron theory. 
Lindemann has attempted to show further that the lattice theory is 
capable of explaining the ufcignitude of tlj. photo-electric effect, even 
accounting lor the difficulty that the energy of the photo-electron is 
sometimes greater than the incident energy of the light falling on one 
electron. On the lattice theory, a large part of the uave-fiont can act 
on the electron lattice, setting up an elastic wave sufficiently intense to 
eject an electron from the lattice. 

A lattice theory of metals has also been worked out by Haber 
{Sitzungsbcr. Preuss. Akad ., 506, 990, 1919) based directly on Born’s 
concepts. Haber finds that the metallic lattice energy U is of quite 
the same order of magnitude as that of haloid salts. Haber finds, 
howevei, that in the case of the alkali metals the exponent n in the 
potential of the repulsive force is very low, namely, between 2 and 4, 
in place of the average value 9 found for salts. This raises a very 
seiious difficulty, since Born has shown that with a low value of n the 
elections would not form a lattice. Borelius {Phil. Mag. , 40 , 746, 
1920) has shown, however, that employing a space lattice of the type 
actually given by X-ray measurements, the resulting average value lor 
«, as determined from compressibility, is 9. Borelius concludes that 
in metals a symmetry other than that of the cube is indicated. It must 
be emphasised that Borelius assumes the electron lattice to be “ fluid ” 
and that only at very low temperatures does it “solidify” in the sense 
of Lindemann. 

The Moluular Lattice. 

We return once more to a consideration of the hydrogen haloids. 
It will be recalled that in the consideration of these compounds, e.g. 
hydiogen chloude, the substance was regarded as existing in the gaseous 
state and the quantity J tlc i = 320 kilo-cals. referred to the energy of 
ionisation of a gaseous mole of HC 1 . Reis {ioc. cit.) has put forward 
certain important considerations in connection with the nature of the 
lattice of crystalline hydrogen haloids. 

Reis points out the low heat of sublimation of hydrogen haloids as 
compared with that of the alkali hiloids, and also the extremely high 
energy of ionisation (320 kilo-cals.), which is about twice as great as 
that of the alkali haloids (150-180 kilo-cals.). He also points out the 
relatively large molecular volume of the solid hydrogen haloids, and 
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finally concludes that the lattice in these cases must be very different 
from the lattice in the case of salts. This difference he attributes, very 
reasonably, to the existence of molecules as distinct from ions as the 
significant material units composing the lattice in the case of the solid 
hydrogen haloids. On this basis it follows that there are two lattice 
spacings, one “short,” the other “long”. The long one is the true 
analogue of the lattice constant 8 already rict with in the ionic lattice. 
The short spacing is the distance between the hydrogen nucleus and 
haloid nucleus in one and the same molecule. When vaporisation 
occurs the molecule as a whole leaves the solid and, since the, attractions 
between molecules must be much less than that between ions, the latent 


heat of vaporisation is small compared with its value in the case of a 
true ionic lattice. Naturally similar molecular lattice is to be expected 
in the case of organic compounds in agreement with the leeent work on 
crystal structure by the X-ray method. 

The molecular structure attributed to the lattice of the hydrogen 
haloids involves great deformation of the halogen ion [vide 1 labor, supra). 
These ions can no longer be cubical as they are in the case of alkali 
haloids. In the stable position the hydrogen nucleus approaches the 
halogen nucleus very much more closely than is the case say w'ith 
potassium and halogen nuclei, for in the latter case the atmosphere of 
electrons around each nucleus tends to keep them apart. Finally, 
evidence for the disposition of the nuclei in the molecule of 11 Cl is 
obtainable from a consideration of the electric moment of the molecule, 


that is, the product of the ionic charge into half the distance between 
the nuclei. From the dielectric property of HCl it follows that its 
electric moment is considerably less than that of the water molecule. 
Since the latter has the approximate value 2x10 1S (cf. Jona [Physikal. 
Ze itsch. , 20, 18, 19 T 9 )) it follows that the electric moment for the 
hydrogen-haloid molecule is less than io -18 . But if the radius of the 
molecule be given the not improbable value of 1 x io ~ 8 cm. the 
electric moment should be greater than 4 x io -18 . The discrepancy 
here referred to is attributed by Reis to an effect due to the deformation 
of the halogen ion. This is probably true although the explanation is 
scarcely adequate. 


Atomic and Molecular Magnetic Forces. 

In the foregoing section an account has been given of the crystalline 
state from the point of view of electrostatics. It is now necessary to 
review briefly crystalline compounds from the point of view of electro¬ 
magnetic forces. 

That two electrons rotating in a certain manner with respect to one 
another w’ill attract or repel electroma^netically with a force varying 
more rapidly than the inverse square of the distance has long been 
known. On the basis of the idea of electrons rotating in localised orbits 
: which are small compared with the dimensions of the molecule, Oxley 
; [Phil. Trans., 214 A, 109, 191*; 215 A, 79 . x 9 r 5 I 220 A, 247. 1920) 



264 


A SYSTEM OF PHYSICAL CHEMISTRY 


has investigated the problem of the extent to which the resulting 
electromagnetic forces may enter into and define the behaviour of 
crystalline substances. It is not suggested that electromagnetic con¬ 
siderations should replace electrostatic in general, but that rather the 
effects are supeiimposed. In certain cases the magnetic may pre¬ 
dominate. Oxley’s investigations are concerned mainly with the case 
of diamagnetic organic substances. The principal contribution consists 
in the demonstration that the local molecular field ,jn a diamagnetic 
substance is comparable in magnitude with the fcrrorpagnetie molecular 
field, being of the order 10" gauss. That this is a field of extremely 
high intensity is evident when we recall that the most intense field 
which can be produced artificially is of the order 10* - io' 1 gauss. The 
principal experimental evidence advanced^ny Oxley is the change in 
the specific diamagnetic susceptibility (measured in the case of about 
50 substances) which accompanies the change from the liquid to the 
solid state. 

On Langevin’s thorny of magnetism, the molecule of a diamagnetic 
substance contains oppositely spinning systems of electrons, which 
counteibalanee one another externally, so that the molecule as a whole 
possesses no initial magnetic moment. When an external magnetic 
field is applied, the frequency of rotation of one eleetiome system is 
increased, whilst the other is diminished, and the molecule becomes 
slightly polarised and distorted. This small differential effect au ounts 
for the well-known Zeeman effect, and is also the origin of the small 
magnetic moment possessed by a diamagnetic substance when subjected 
to a magnetic field. The act of crystallisation can also be regarded as 
bringing about a similar distention of the molecule 1 , so that the difference 
in susceptibility of the solid and liquid forms may be employed to 
deteimine the order of magnitude of the local tic-Id of magnetic molecular 
force which is here assumed to give rise to the rigidity characteristic 
of the crystalline form. 

Let us suppose that AM is the change in the moment, M, of an 
electron cubit produced by applying a magnetic 1 field, Tl, r being the 
period of mtation of the electron (of the older io _u ' sec.) and c,m the 
ratio of the charge to the mass of an electron. Langevin has shown 
that— 


AM 

M 


Hrr 
4 irm 


1 o~ 


H. 


If, as a 1 exult of crystallisation, the molecular field produced is of the 
order io 7 gauss, then the value of AM is jo~-, which would mean a 
change of 1 per cent, in the susceptibility. This is the order of the 
change observed in the case of aromatic compounds. Other evidence 
confirming the extremely high, value ascribed to the molecular field is 
furnished by the results obtained * with double refraction, magneto¬ 
striction, and magneto-rotation. Thus, when a liquid is brought into 
a magnetic field, it becomes slightly doubly refracting, and at the same 
ime undergoes a small diminution in volume. Oxley shows that if a 
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field of io 7 gauss could be applied (this being the field which is supposed 
to be produced by crystallisation), a double refraction comparable with 
that exhibited by quartz would be produced. Under the same field, 
the decrease in volume would be about 10 per cent., a value in good 
agreement with the observed charfge in volume on crystallisation in 
numerous cases. 

It must be emphasised that, on the. \iew expressed above, the 
molecule of a diamagnetic substance is locally ferro-magnetk, that is, 
one part of the yiolecule is a north-seeking, the other part a south¬ 
seeking, pole ; this is regarded as the origin of molecular union. The 
repulsion observed when a diamagnetic substance is placed in a 
magnetic field is looked upon as purely an induction effect pioduced 
in a system of molecules, tva:h of which has initially a zero magnetic 


moment. 

Having considered the intensity, If c , of the local molecular field, 
we have now to consider its energy. Let 1 denote the aggregate local 
intensity of magnetisation for all the molecules, //, in unit \olume. Then 
I — m , where 1 is the local magnetic moment of a single molecule. 
1 he potential energy 1 C of t gram of the substance, 111 virtue of the 
grouping and distortion of the molecules constituting the crystalline 
ibrm (that is, over and above the energy associated with 1 giam of the 
liquid) is then gi\en by: E ^ H,l/2p, where p is the density of the 
crystal. If we assume that 11 c is propoitional to I, we can write 
H f - «' c l, where a' c is a constant which Oxley shows is the icciprocal 
of the limiting local susceptibility of the crystalline medium under a 
field strength identical with that possessed by the molecular field itself. 
The energy E can therefore be written as d r I‘ J j2ft, which is analogous 
to the expression NI-/ obtained by Weiss for fei 10-magnetic substances. 
The constant d c corresponds with N, both having the same physical 
significance for the respective kind of substance. Oxley shows that 
the numerical values ot d c and N are comparable, as are also the I 
terms, so that the energy of the molecular field in the case of a dia¬ 
magnetic, crystalline substance is of the same order of magnitude as 
that of a ferro-rnagnetie solid, namely, io 11 ergs per gram. Now in the 
a't of fusion the crystalline form is destioyed ; the latent heat of fusion 
should therefore be of the order io ,) /4‘2 x io 7 , or 25 cals, per gram. 
The following are a few experimental values— 


Benzene . . 30 cals. Chlorobenzene . . 30 cals. Aniline . . 21 cals. 

Nitrobenzene . 22 „ Naphthalene . . 35 „ Pyridine. . 22 ,, 


Reference must also be made to the variation in the specific heat 
of a crystalline solid as the melting temperature is approached. “ In 
the crystalline state we must regard the molecules as orientated into 
definite positions with respect to their rwigh hours by these large inter- 
molecular forces. 'If at the higher’temperatures the molecules undergo 
rotational vibrations about their mean positions, then it would be 
expected that the value of I 2 , would be somewhat lessened by these 
vibrations, and we should therefore expect that a small fraction of the 
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energy associated with the grouping would be dissipated as the tempera¬ 
ture is raised towards the fusion point. The effect this would have 
on the variation of the specific heat with temperature would be to add 
to the normal variation (expressed by Debye’s theory) the following 
positive term— 

ic T a 
, 2pJ 61” 

where T is the absolute temperature and ] the mechanical equivalent 
of the calorie.” Nernst and Lindemann have found 'that close to the 
melting point there is an abnormal increase in the specific heat of 
diamagnetic substances, and in order to account for this on the above 
basis it is necessary to give to I a large \ lue, such as that required 
by previous considerations. It is necessary to point out that only a 
small fraction of the energy term E will be dissipated below the fusion 
' point, the major part of it being involved in the act of fusion itself. 

Again, the frequency v of the rotating electrons is given by— 

v — II ej 2 Trm. 

If the value ascribed to IT be of the order to 7 gauss, then v is of 
the right order of magnitude for an optical frequency. If inside a, 
molecule the intensity were io 1 ’ gauss, frequencies corresponding with 
X-rays would be accounted for. 

Finally, the intermoleeular magnetic field will determine from the 
point of view considered the tensile strength of the crystal, and, as the 
stresses will be different in general in different directions, planes of 
cleavage will occur. In this connection it is important to recall the 
experiments of Tyndall, who found that the cleavages of diamagnetic 
substances when placed in a magnetic field stand equatorial, whilst 
the cleavages of magnetic substances stand axial. Oxley finds in this 
further evidence that the forces which produce crystallisation are magnetic 
in nature. 

“In any case it is clear that the magnetic forces cannot be ignored 
even when the electrostatic forces do predominate, and the complete 
theory has yet to appear which shall give to these two types of force 
the relative prominence which the experimental data demand.” 



CHAPTER IX! 


(Systems in chemical* equilibrium)—Relation between Nernst’s heat theorem and 
the quantum theory—Mass action equilibrium and heat of reaction in terms of 
the quantum theory. 


NErnst’s Heat Theorem and the Quantum Theory. 


We have already seen (Chap. III.) that the quantum theory applied 
to atomic heat of solids leads us to expect that at very low temperatures 
the atomic heat will become practically zero. If we think of two solids 
A and B we can state that at low temperatures— 

dUJdT = dUu/n' = o 

or r/(U A - U u )//r - o. 

ff the solid substances A and B are the reactant and resultant respec¬ 
tively of a chemical reaction, the expression (U A - U„) represents the 
change in internal energy, U accompanying the reaction. Hence the 
quantum theory leads to the conclusion that in a chemical reaction 
between solids at very low temperatures— 

r/U/V/T = o. 


This, as far as it goes, is in complete agreement with Nernst’s heat 
theorem which states (cf Chap. XIII., Vol. II.) that— 


jdA/dT = o 
limit, I = 0 yd\J/d'l = o. 


To show that the relation dAjd'i' = o is likewise in agreement with 
the Planck-Einstein hypothesis regarding the energy distribution in 
solids, we may proceed as follows: As the molecules or atoms of a 
solid at very low temperatures do not possess any sensible kinetic energy 
of vibration, their mutual distance apart will change very little with 
temperature over a limited range in this region. Consequently, the 
mutual potential energy of the atoms or molecules will remain practically 
unchanged, and hence their free or available energy, which depends 
upon the potential energy, will also remain unchanged. That is, in the 
limit, when T = o, dAjdY - o. The same conclusion may be arrived 
at in a slightly different way. We know # that the intensity of radiation, 
and therefore the amplitude of the vesonators (i.e. the atoms), increases 
with the temperature according to a power law considerably greater than 
the first. Hence, as temperature falls the amplitude will decrease much j 
; more rapidly, finally becoming 'exceedingly small. Again, the potential 
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energy, and therefoie the free energy, may be regarded as sensibly 
independent of the temperature when the temperature is low. It cannot 
be said, of course, that the validity of the Planck-Einstein theory is a 
proof of the validity of Nernst’s heat theorem. They are, however, in 
agreement. This point will perhaps be rendered clearer by the follow¬ 
ing considerations. 

We know that in the case of any process carried out reversibly, the 
Gibbs -1 Iclmholtz equation states— 

A - U - T. ( ( /A ( W) t . 

Further, A - U = Q where Q is heat absorbed in the process. 

Hence O/T = S = (dAldT) w where S iy:he change in entropy of the 
system as a result of the process. Apply mg Nernst’s theorem we con¬ 
clude that at very low temperatures the r hange in entiopy due to the 
process is zero. In other words, Nernst’s thiorem is identical with the 
statement that at absolute zero the entropy of all substances is the same. 
Planck has already pointed out (cf (’hap. 1 .) that the quantum hypothesis 
is equivalent to the assumption that the entropy of all substances at 
absolute zero is zero also. This is really a special case of the conclusion 
involved in Neilist’s heat theorem. The theorem and the quantum 
theory are therefore in agreement, but the heat theorem is independent 
of the quantum hypothesis. 1 

Calculation of the A/linity of a Chemical Process from Thermal Data ly 

the Simultaneous Application of Xernsfs I feat Theorem and the 

Quantum Theury of Atomic Jteats. 

Equations (3) and (q) of Chap. XIII. of Vol. II., which express the 
Nernst lieat theorem, contain certain coefficients ft, y, etc., which are 
calculated fiom measuiements of the molecular or atomic heats of the 
reactants and resultants of the reaction considered. In principle, the 
introduction of the quantum theor) (say in the form of the Nernst - 
Lindemann equation) is simply a matter of substitution of this equation 
in the original equations of Nernst for A and U. To indicate how this 
is carried out in practice it is necessary to put the Nernst equations into 
a more general form than that expressed b) the equations (3) and (4) 
leferied to. 

The change, U, in the internal energy of a system as a result of a 
chemical reaction is, by definition, the difference of the internal energies 
of reactants and resultants, reckoned in terms of the stoieheiometrical 
quantities required for the reaction. For any single substance Z we can 
write: d\J, </T = c„, where c. denotes the molecular heat of the sub- 

stance Z at constant volume. ‘Henye U* = constant + |<y/T. Hence 

•'ll 

1 The relation between the heat theorem and the quantum theory is further 
considered by O. Sackur (Annalcti der Physik , 34, 4S5. igi 1). 
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\ 

for the quantity U, ^vhich involves the algebraic sum of a number of such 
terms, we can write— 

u = u 0 + r wt, 


where U 0 is the change in internal energy accompanying the reaction 
at absolute zero, and n denotes the number of moles of reactants and 
* resultants (with proper sign) which take part in the reaction. 

We have now'to express the molecular or atomic heat c of each le¬ 
ading substance ih terms of the Nernst-Lindemann equation. Having 
done this we find that the above integral may be evaluated thus— 


'Zticd'Y — 


/V 

1 — 1 


M 2 

t'Ptt'IZT - 


Hence— 

U - 


H 4. v,/ + _ Po 1 '/ 2 


-I- 


(») 


The final term is an empirical correction, which has to be added to 
allow for the fact that the experimental measurements of molecular or 
atomic heats rcfei to constant pressure, whilst the quantities to which 
•the Nernst-Lindemann expression refer aie molecular or atomic heats 
at constant volume. Cf. Magnus and Iundemann ( Zeit'fh. Elektro- 
chcm ., 16 , 360 (1910)) ; a more exact correction is given by Nenist and 
Lindemann (Zrifsch. Elektnnhem., 17 , 8 1 7 (1911)). 

We have now to consider the fiee enctgy term A. On the basis of 
the first and second laws of thermodynamics we have already seen that— 


A 

T 


a 



(TV. 


Further, Nernst’s theorem leads to the conclusion that 
therefore we can wiite— 


Again wnling- 



a — 


and 


and substituting this in the above integral, and also substituting the 
Nernst-Lindemann expression, we obtain— 

A = U„ - *R 2 $*/V + log e (c-Mr _ ,) + log e (cft»' 7 « - 1) I 


- . (2) 

1 

(Naturally the symbol a which occurs in the final correction term of 
equations (1) and (2) is quite distinct from the integration constant 
referred to above.) 
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I 

r 

Equations (i) and (2) express the Nernst heat theorem in terms of 
the quantum theory. 

[Notp.— The mode of obtaining equations (1) and (2) is given in detail in Pol- 
litzer’s article, Die Iiercchnting chcmischcr Affinitatcn nach dent Nernstchen Theorem , 
Ahrens Sammlung, 17, 1912. To facilitate calculation Pollitzer has included a6 an 
appendix a number of tables giving the Einstein and Neinst-Lindemann functions 
for various values of p 0 and v.) 

c 

We now proceed to consider an actual case, namely, the affinity of 
silver for iodine investigated by U. Fischer ( Zcitseh . Elektrochem ., 18 , 
283, 1912). The treatment of a number of difficulties met with is 
instructive and is therefore given in some detail. 

The first question taken up by Fischer is the heat of the reaction — 

2 Ag + I 2 = 2AgI 

(solid) (solid) (solid) 


The direct measurements of Thomsen and of Herthelot being unsatis-, 
factory, recourse was had to the Gibbs-Helmholtz equation— 


A' - U = T 


M' 

3 >T 


or 


E 


U = 


T <tE 

at 


as applied to the measurement of the E.M.F. of the cell— 
Ag | KI solution, saturated with Agl | L 

at several temperatures. 

The results were as follows :— 


N 

Employing - KI solution, E vo its 
2 


N 

3 

N 

10 


Evoits 

Evoits 


= 0*6948 + 0*000305 1 
= 0*6932 + 0*000305/ 
= 0*6916 + 0*000305/ 


the temperature / being given in degrees centigrade. 

These values for the E.M.F. require a correction, however, owing to 
the fact that some of the iodine from the right-hand electrode dissolves 
in KI, giving tri-iodide (and other poly-iodides, the quantity of which 
may, however, be neglected). This causes the concentration of the 
iodine ion I' on the iodine side of the cell to be diminished, and the 
concentration difference of I' on the two sides of the cell give rise to 
an E.M.F. e, where— 

e *= RT log/ 1 


— being the ratio of the I’ ion concentrations. With the help of the 
c % 

data of von Ohlendorff, and some experiments of his own on the solu- 
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bility of iodine in pStassium iodide, Fischer succeeded in calculating the 

N N N 

value of e for the three cases considered, viz. - and —KI respec- 

2 3 IO 

tively. The following table contains the corrected value of the E.M.F. 

^ . dE * 

and the temperature coefficient ^ :— 


KI Solution. 


Temperature, 
° C. 


I 

I t!E r-.i 

E corrected. | ,n Ca Sl 
! per Degree. 


N 

2 

N 

3 

N 

10 * 



I3'i 

X 8 

35'3 

14-9 
24 6 
38-6 

13*1 

23-9 

35'4 


0-01708 

06817 


o*oi86g 

0-6833 

\ 2 419 

0 02154 

0*6839 

J 

O a OI 7 l 9 

0*6805 

I 

0-01938 

0 6813 

> 1*267 

0-02327 

0*6817 ! 

) 

0-01658 

0*6791 


0-01848 

0*6805 

V 1*66 

0*02118 

06807 

) 


Employing these data in the Gibbs-Helmholtz equation, Fischer 
found for 15° C. (288° abs.):— 

N 

-KI solution, U = 0 6821 x 23046 - 288 x 2-419 
= 15,023 cals. 

U = o’68o6 x 23046 - 288 x 1-267 
= 15.8 1 5 cals. 

U = 0 6791 x 23046 - 288 x r66 
= 15,216 cals. 

The mean value of U is 15,169 cals. 

Besides this indirect method of measuring U, Fischer also employed 
a calorimetric method, precipitation of insoluble salt being avoided by 
the following very ingenious procedure due to von Wartenbcrg. As 
solvent a 3N,KCN solution was employed, and in this was placed u 
known weight of silver powder. The silver is not attacked by the KCN. 
To the liquid was added a known weight of iodine, the following reac¬ 
tion taking place:— 

Ag + I + 2 KCN = AgKfCN) 2 + KI . (i) 

The heat effect of this reaction was mfcasured. Then using a similar 
solution of KCN, a known weight df silver iodide was added (no silver 
powder being present in this case), the resulting reaction being— 

Agl 4- 2KCN = AgK(CN) 2 + KI . . (ii) 


n ki 

3 


N 


10 


KI 
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The difference of the heat effects of the reactions (i) and (ii) gives 
the heat effect desired, viz .— 

Ag + 1 Agl. 

The mean value thus obtained was U = i4,2<So cals., which agrees 
pietty closely with the result of the first method. Fischer made use of 
still another calorimeter method, in which some of Thomsen’s data on 
other salts were employed, ■ the results being less trustworthy. [Note 
that this is a heat effect at constant volume, since the system does not 
altei appreciably in volume.] 

Now, if we i onsidei the cell— 

An ! Agl I 1 . 

(solid) (solid) (sej/- 1) 

this represents a condensed system, each phase being a single substance 
(/to solution or vapour being pie->cnl), and we can apply Nernst’s heat 
theorem directly in the form given in equations (i) and (2) above. 

[It should be noted that the A or F of this cell is not quite the 
same as the 1 C 01 A' of the cell in which K 1 solution is present. The 
heat effect in both eases is, however, the same* for, as we lu\e seen, 
the heat effect as calculated (sav by the liist method) is independent 
of llii' KI concentration, being simply the heat effect of the reaction 
Ag 4- 1 - Ag] J _ 

The values of and of a are known in the case- of the thiee sub¬ 
stances Ag, 1 , and Agl from the atomic and molecular heat measure¬ 
ments of Nemst. 

My making use of the values of and a obtained in this manner, 
Fischer calculated U for a temperature T = 288, finding the value 
15,07c; ealones, a quantity which agrees extiemely well with the former 
values which wa re obtained for U quite independently of the Nemst 
heat theorem, or the Nernst-Lindemann atomic heat expression. It is 
to be remembered that the U and A terms here refer to the reaction 
between pure solid Ag and solid I.,, giving solid Agl. A is therefore 
the admit) which we set out to calculate. The following table con¬ 
tains the values of A and U thus obtained :— 

Ai iinitv 01 Shark vok IoniNr at Variovs Tkmi'krah kks. 


'I empcialure, 

l : in Calories p^r Crram- 

> A in Calories per l.ram- 

s Absolute 

Alorn of Silver 

i Atom of Silver 


15 .>66 

I5,i6G 

20 

r5n5J 

15,173 

40 

15.13b 

15,201 

60 

15.124 

15.235 

80 

15.119 

15,274 

IOO 

15,”4 

15,314 


15,408 

15,394 

180 

15,101 

15,477 

220 

15,093 

i5.5bo 

2G0 

15,085 

15.650 

300 

15,074 

15,733 
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The accompanying figure (Fig. 16) shows diagrammatically the 
relative variation of U and A. (On the scale employed the short hori¬ 
zontal section near T — o over which A and U are identical is not 
clearly shown.) It will be observed that, in this reaction, the affinity 
increases with increase in temperature, whilst the heat effect or total 
energy change decreases. 

A. Magnus ( Zeitsch . Eiektrochcm ., 16 , 273, 1910) has carried out a 
similar investigation of the reaction— 

Pb + 2 AgCI -» PbCljj 4- 2 Ag. 

in which the affinity was found to decrease as the temperature was raised. 



In the above illustrations of the Nernst heat theorem, as applied to 
a reaction between condensed forms, we have allowed for the variation 
with temperature of the heat capacity of each reacting substance by em¬ 
ploying the Nernst-Lindemann equation. On purely theoretical 
grounds a more rigorous treatment would involve the much less con¬ 
venient equation of Debye (Chap. III.). So far as numerical values are 
concerned this would have been of little advantage. The necessity for 
adopting the Debye equation becomes apparent, however, if we propose 
to treat the affinity relationships of a given chemical reaction in a con¬ 
densed system by making use of the approximate formulation of the 
Nernst heat theorem as expressed in the equations (3*) and (4*) of 
Chap. XIII, Vol. II., viz. 

U = U 0 + /3T- 

A = U 0 - f/T 2 

these being the abbreviated forms of equations (3) and (4)— 

U = U 0 + £T a + yT 3 + 8T 4 

£ 

A = U 0 - j8T 2 - -T 3 - T 4 . 

* 2 3 

18 


VOL. III. 
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Recording to the formula of Debye, at very low<tempcratures the 
',*^fcrna] energy ol a condensed substance is proportional to the^fourm 
|)oVer of the temperature. Hence for such temperatures it is f more 
exact to write the abbreviated equations, which express the heat theorem 
for a condensed reaction in the fofm— 

U = U 0 + ST* 

A = U„ - V. 

a 

Evidence in favour ol this is affoided by the results quoted in the table, 
Chap. XIJ 1 ., Yol. II. lor the < hangc of monoclinic into rhombic sulphur. 
Reference to this table shows that the* 11 observed values of dVfdT 
fall more lapidly (as the tcmpeiatuie falls) than would be expected 
from the values ol 2/JT, indicating that at low tempcratuies the power 
to which the temperature should be raised is greater than the square. 

Calculation ok tiik Ciikmical Constant oj- a Monatomic Gas, 
tiik Has Law iskinc Assimkd Valid down 10 Aiisolvtk Zi-ro. 

[Non-.—'L’he chemical constant oi a substance as originally defined 
by Nernst is gi*. en in Ghap. III., Vol. II , namely chemical constant 

/ + log,. K 

— .where; is the integration constant ol the conation eX- 

27,023 ‘ 

pressing the \aiiation (with lempeiatuie) of the logarithm of the satur¬ 
ated vapour density or eoncentintion. It has now become usual in 
writing expressions for the legal ithm of the vapour pressure to denote 
tin.' integration constant by i—i may be conveniently called the 
“ characteristic constant " ol a substani e—the loganthm ol the pressure 
being to the base c and the pressure itself being expressed m absolute 
units, whilst on the other hand it is usual to denote the integration con- 
slant of the vapour pressure relation by (' and to call it the ‘Chemical 
constant " when the logarithm of the pressure is to the base 10 and the 
vapour piessure is in atmospheres. We shall keep to this convention 
in tht‘ following section. It is to be understood further that the term 
log means log,, ; when logarithms to the base 10 are intended these will 
be wiitten log u ,.J 

The relationship between the Nernst heat theorem and the as¬ 
sumptions underlying the quantum theory become most evident when 
the i hemieal constant, or better, the characteristic constant, /—ofa mon¬ 
atomic gas in the first instance—is expressed in terms of the quantum 
theory. 

This may be done in more than one way. Thus, Planck’s original 
method shows how the integration constant 1 is quantitative!) related to 
the finite elementary regions (G) of the six-dimensional representative 
space charaeteiistie of a pel feet gas. This is biiefly considered in 
Appendix II., in which it may be noted the s)mbol a is to be identified 
with /. The treatment there gi\en is that for a monatomic gas. 
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A generalised mode of treatment sueh as that of Planck is less likely, 
however, to be appreciated then a method in which we keep more closely 
to the formulation of the heat theorem and the concept of the character¬ 
istic constant i as given in Vol. 11 , With this object, theieforc, an 
alternative method of calculating the characteristic constant in terms of 
Planck’s constant h is given below. 

•^■uStarting from the Clapeyron equation fo» vaporisation we have the 
following relation for the piessure of saturated \apout regarded as a 
perfect gas— * 


d log p A 
,/T = RT- 


(0 




where A = latent heat of vaporisation per mole at the satuiation pressure. 
From the first law of thermo-dynamics as embodied in the cxpicssion 
of Kiichhoff we have also— 


A- = A n + 



AT 



( 2 ) 


where A 0 is the latent heat of vaporisation at absolute zero, C f is the 
molecular heat of the condensed form, C p that of the gaseous phase 
atVonstunt pressure. Taking C v to be independent of tempciature, 
equation (1) when integrated becomes— 


log / = ■ log T 


r T f 1 

C/T 

J.W' r + ‘ 


( 3 ) 


where i is the integration or charaetei istie constant of the substance and 
cannot be evaluated on a purely thermo-dynamic basis. 

On the basis of statistical mechanics it has been shown by Sackur 
(Nernst I'csfuhnjt , p. 405 (1912); A////. Physik, 40, 67 (1973)) and 
by Tetrode {Ann. Fhysik , 38, 434 ; /A, 39, 255 (1912)) that the char¬ 
acteristic constant or chemical constant ofa monatomic substance can be 
calculated in terms of the molecular weight M and a universal constant, 
whilst for polyatomic substances it is necessary to know in addition the 
principal moments of inertia of the molecule. The general form of the 
expression for the characteristic constant ofa monatomic substance, as 
will be shown later, is— 

i = 6, + 7 ‘5 lo C M - 

Although this is deduced, in the first place, for a monatomic gas it is 
evident that an expression of a similar though more complex form must 
apply to diatomic gases, since, as has beer pointed out 111 Chapter IV., 
Eucken’s results show that a diatomic gas unsufficiently low temperatures 
behaves as “ thermally monatomic • 

The calculation of i or C has been effected also on a statistical 
mechanical basis by Stern {Fhy\ikal. Zeitsc/i ., 14, 629 (7913); Zdtsck. 
Elcktrochem., 25, 66 (1919)) who has worked out an expression for the 
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h 

pressure of a saturated vapour on this basis, and then compared it with 
equation (3) above and equated the coefficients of like terms. 

Before this comparison cun been effected, however, it is necessary to 
evaluate the integral 


which takes account of the heat capacity of the condensed form. This 
condensed form we shall regard as a solid and we must therefore treat its 
heat capacity from the standpoint of the quantum theory, since the inte¬ 
gration extends down to absolute zero, t'his will be taken up later. 
We shall, in the first place, consider the left-hand side of equation (3), 
namely the expression which can be obtained for the density and conse¬ 
quently the pressure of a saturated vapour in terms of statistical 
mechanics. 

For this purpose it is not necessary to introduce ary quantum con¬ 
siderations since we may imagine that the solid in contact with its 
saturated vapour is examined under conditions at which the Dulong- 
Petit law holds good for the solid form. (That statistical considerations 
have to be inttoduced at all to evaluate i or C is evident at once wh&n 
we rec all that thermo-dynamics only gives the rate of variation of p with 
T, whilst statistical mechanics permits of the calculation of an absolute 
value of p.) 

We have therefore two distinct problems to solve. First, we have to 
find an expression for the absolute value of the saturated vapour pressure 
at some temperature T (which is high enough to permit ol the applica¬ 
bility of the Dulong-Petit law to the solid form). In the second place, 
we have to evaluate the integral 

C/T 
' d'V 
RT J 

which occurs on the right-hand side of equation (3). In the following 
account Stem’s method, with certain abbreviations, is adopted. 

Deduction of a Vapour Pressure Formula on the Basis of Classical 

Static tic a l Mecha nics. 

Let us imagine an enclosure of total volume V at the temperature T, 
containing one gram-molecule, i.e. N atoms or molecules of a monatomic 
substance, where N is the Avogadro constant. The substance exists 
partly as solid and partly as saturated vapour, the latter being assumed 
to obey the gas law. The system considered is shown in the accompany¬ 
ing figure. 

The solid is supposed to consist of atoms possessing definite equili¬ 
brium positions, any distortion being opposed by a restoring force varying 
as the distance from the position of equilibrium. In such a structure the 
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heat motion consist of simple harmonic vibrations. In general such 
vibrations will consist of many different frequencies (e.g. Debye’s formula), 
but to simplify the treatment we shall consider the solid as possessing a 
single average atomic frequency. Stern (he. aV.) shows that the same 
vapour pressure formula is arrived at on the simplified basis as on the 
more general basis. 

In order to bring an atom from its equilibrium position in the solid 
lmo the gaseous part of the enclosure, that is to vaporise it, an amount 
of work (f> 0 is necessary. It would be possible to write N<£ 0 = A,„ the 
latent heat of vaporisation per mole at absolute zero, provided all the 
atoms at absolute zero were 
in their equilibrium positions. 

Since, however, there is* the 
possibility of zero point energy 
(as is requiied by the second 
formulation of the quantum 
theory), that is, since vibrations 
aie still possible even at abso¬ 
lute zero, it is necessary to write 
N <f> 0 = A' (l where A' () and A,, 
differ by the amount of the zero 
fioint energy. 

Considering a given atom 
at a particular point let us 
assume that it possesses poten¬ 
tial energy (ft, where < f> is defined 
as the work required to bring 
the atom to the [joint or position 
in question. As a zero point for <f> we shall take the position of equilib¬ 
rium of the atom in the solid. Then «£ for any given point in the whole 
enclosure is equal to the wmk which is necessary to bring an atom from’ 
its position of rest to the point considered. Anywhere in the gas phase 
<ft has a constant value, 

According to Boltzmann the probability W that a given atom occupies 
a position at which the potential is < f> is proportional to e where k 

is the gas constant per molecule. By the proliability term is meant 
the following. If we consider a given atom and follow its path during 
a very long period of time / () , then in this period it will have occupied 
all possible positions in the enclosure, i.e. it will have vaporised, moved 
around in the gas space, recondensed and so on. Let us think now of a 
portion of the enclosure, which portion we shall de note in the figure by 
R. The atom referred to will remain, during the course of its wanderings, 
for a certain length of time /„ inside the volume R. We denote by the 
probability W H that fraction of the tim'' of observation during which 
the atom remains in R, i.e. W R is equal fc) tjt^. For a sufficiently long 
observation period t Q is a quantity independent of the magnitude of / 0 
and is the same for all atoms. It is clear that the probability W R , de¬ 
fined in this manner, depends not only on <£, but also on the magnitude 
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of the volume or space R, for an atom will naturally, remain longer in R 
the larger R is, and for a physically infinitely small space </R the proba¬ 
bility is simply proportional to </R, because within a very small space <f> 
can be regaidcd as a constant— <f> being a continuous function of the 
volume. We can state therefore t|,re Boltzmann principle in the follow¬ 
ing way:— 

</W k = constant 1 —R . . . (4) 


where dW lt -=■ — that portion of the vei> long t,ime period /„ dur¬ 

ing which the atom m question has remained in the space c/R, which 
possesses potential <£. The piobability W K ior a finite portion R of the 
total volume is thereto!c— 


W„ — constant 


1 


/R. 

u 


'The value of the constant is obtained simply from the consideration 
that when /„ = f 0 , W tl must he unit) if the integration has been carried 
out over the entire volume V. Denoting the constant by 1 we have— 


1 



*,/R. 


We now proceed to calculate for a given atom the piobahilit) W* g 
that it is to be found in the gaseous phase, and likewise the probability 
\\ f that it is to be found 111 the solid phase. If \' g is the volume of the 
gaseous phase we have, since the potential is everywhere constant and 
has the value — 


\V 


0 



t ’—-- I . V (/ . 


( 5 ) 


In oidei to calculate Wwe imagine the solid made up of a number 
of cells, the equilibrium positionof an atom being at the eentic of a cell 
(</. log 17). We now proceed to calculate the probabilitv, W_, that 
the atom under “ observation ” is to be found in a particular cell, e.g. 
tin- sec ond cell on left of the middle row in the figure. Foi this purpose 
we imagine two spheres radii r and r + dr diawn round the equilibrium 
position. In the space' between the two spherical surfaces of infinitely 
small thickness dr and of volume 47 rr-dr, the potential has every¬ 

where the same value, < f>(r) being the woik which is necessary to bring 
the eentic of gravitv of the atom fiom its equilibrium position to a 
distance r away. Setting the opposing force as proportional to r, namely 
TV, where a~ is ,i piopoitionality factor, we have— 

<f>(r) — f d~rdr = </V- 2 

Jo 

and the probability that the at*om under observation is to be found in 
this space between the two spherical surfaces is— 

I c-°~r-^ A Trfidr. 
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Hence the probability W r that the atom is to be found anywhere 
within a sphere of radius r measured from the equilibrium position is 
given by— 

\V r = ijV^-^TrrVr. 


Now what we want is not the probability W r of the atom finding 
itself inside a sphere enclosing the equilibrium position, but rather the 
probability W. of the atom being anywhere in the whole cell. To find 
an expression for the latter we make use of the fact that <r is a quantity 
the magnitude of which can be calculated from the specific heat, melting- 
point, optical 01 elastic properties, since <r is defined by the relation—• 

a ' 1 — (277-1 


where v is the characteristic frequency of vibration and m the mass of 
the atom. The important thing is that a 1 is thus ioimd to be a very 
large quantity, so that the term e ~is practically zero, w/ien r 

is very small. Hence it is only over the range where r is vei) small 
(the range already considered when obtaining an expression for VV r ) that 
the probability of finding the atom has any sensible value ; for by 
hypothesis the atom is one experiencing a restoring force which vaiies 
simply as the distance, i.e. at a distance greater than r (r say, from the 
equilibrium position, an atom of the kind considered is practically never 
found. It is evident that we are considering the solid under the con¬ 
dition at which the 1 hilong-1 Vtit law holds, fot this law can be deduced 
on the assumption of the abo\e law of force. Hence the probability 
W, is identical with XV rn where 


W, = lj r "e-“"'W' 4 7rrVr - 4 ttI . f^ 


1 tl ~ r ~ .. 1 n “ r n 

when - = a- and . .. 

2 k 1 2 k i 

If, now, .v„ is veiy great compared with unity- 

•r.vV.x - 


1 


Hence 




This lepresents the probability that the centre of gravity of an atom 
is to be found within a given cell. If n f is the number of atoms <om- 
posing the solid phase, n f likewise represents the number of cells into 
which we imagined the solid pha^e to b< divided, and the probability 
W, that the atom under observation is t# be found in the solid phase is 
given by— 


\\ f = n f \X z = I. /i f 


/2tt/-T 

V a* 


( 6 ) 
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The probability W g of finding the atom in thf gaseous phase has " 
already been given by equation (5). On combining the two equations 
we obtain— 


W, 

w. 


0 _ 


V pg -«hi/A T 


«/ 




This is the ratio of the 'time periods during which the atom uncler 
observation remained in the gaseous and solid phases respectively. Since 
we have made no special assumptions about the atom which has been 
undci observation it is evident that W 0 /W r has the same value for all 
the atoms. If, therefoie, instead of following out the path of a particular 
atom over a long period of tune we consider all the atoms at a given 
moment of time, the ratio \V„/W 1 gives us the ratio of the number of 
atoms in the gaseous to those in the solid phase. That is 


W. 


>1, 


v f- 

0 ( 

• (Tf 


or 


Y„ 


<r 

ZiPk T 




But — number of gaseous atoms per unit volume. 


Hence, 


P = 


KT 


T _ n 0 _ td l y/-’ 

0 " V. ■ ‘ " W ' m 1 ' 2 ' 


N V, 


Substituting the value ( 27 rr) 2 /« for a 2 , we obtain finally for the pressure 
of the saturated vapour— 


(27TW) 3 /V i 

(XTJ J € 


p 


or, since N/« = M, the gram-molecular weight, 


(2irM) 8 /V 

N JRT 


P~ A'o/kt 



It is to be remembered that this expression for the pressure of 
saturated vapour obtained on the basis of classical statistical mechanics 
holds only for those temperatuies at which the Dulong-Petit law applies 
to the atomic heat of the solid form. 

We have now to compaie equation (7) with equation (3). Equation 
(7) can be written thus— 


log/ - - - i log T + log 




*Thl*V V r 
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Equation (3) m»y also be written, since for a monatomic gas at con- 
itant pressure C p = § R— 


/•T C . 


log/ = - + l log T, - 


C f ciT 

_ <n + i . 

RT* 


■ ( 3 «) 


To enable the comparison of (3a) with (7 a) to be carried out it is 
necessary to evaluate the integral which occurs in (3a). Stern does 
this by applying the equation of Debye for C f . Equation (30) thus be¬ 
comes— 


log/ = - 


, 3 N 

(A.0 + 


RT 


11 'I' ^ 

- i log I + log + ; 


In this expression the summation 2 is to be taken over the whole 
3N degrees of freedom postulated as present by Debye, k is the gas 
constant per molecule. 

Comparing this with (7 a) and equating the coefficients of like terms, 
we obtain— 

3N 

A' 0 = \ 0 + %\hv .... (8) 


Whence 



l og f' 27rM ) 3,V 

l°g( 


(2irm)y*W*\ 

T a ) 


( 9 ) 


Equation (8) expresses the important result that the work \' 0) re¬ 
quired to vaporise N atoms at absolute zero, is not equal to the latent 

3N 

heat of vaporisation A 0 , but is greater than this by the quantity hv. 

* • 1 
Stern regards this as evidence for the existence of zero point energy as 
already mentioned, the atoms even at absolute zero not being all in 
their equilibrium positions, but on the average possessing energy \hv per 
atom per degree of freedom. 

Equation (9) is the solution of the problem of the calculation of the 
characteristic constant of a monatomic gas. As regards the numerical 
evaluation of i Stern points out that an accurate method is available, 
involving the elimination of h and k, if we accept Rohr’s expression for 
.the Rydberg constant R„ ( cf. Chap. V.), which is a quantity delermin- 

r able with great accuracy from, say, the series spectrum of hydrogen, 

j According to Bohr— 

_ 2ir 2 e i fi z-rr^F^it 

v JF~ r N 4 /c i 


* where e is the charge on an electron, fi the mass of an electron, and E 
I the electrochemical equivalent.. Referring to equation (9) we can write : 
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t, 

. ((2irm)V* . fol*\ /( 27 r) 3 ,^/'B* 5 /a\fj!H f‘ 1 rf T 

' “ IO « { !r ) “ lo < W -• ) + *°S M . . 

i ~ i u + .} log M . . . (10) 


or 

Further 
lienee i 


R, 


N 7 / a 27 r“K l fj. 

({ 2tt)3'=.RV^ /2'I*.RsI*.R v 

N 7 r ) “ •' 3 ° j0 ,0K .“ ( ' X TJ .'iiv 


Suhstituling the following numerical values— 

R s '3 1 5 <-rgs; K w - 3-921 x ( 

1C —- 2 895 x 10 11 electrostatic units; = 0-902 x io - -" gram, 
we obtain— 

*» = 2-3026 x .r4i7 - JO-i 7, 

whence - - 

i — 10-17+ '*i log M. 

'I'his expresses / in absolute units. On the other hand, the ehemieal 
constant C is evpiesscd in terms of logarithms to the base 10 with the 
pressure in atmospheres. Since one atmosphere -= 1-0132 x io ,! dynes 
pel rm. 2 we can write- — 

(’ --- 1 - log,.. 1-0132 X 1 o'- 

2-3026 ‘ 0 0 

or C =-- 4-417 + -J log,,, M - 6-0057 

or, finally, C = - 1-587 + j log l0 M = C 0 + J log 1( ,M. 

The \alue of (' (l calculated by Nernst is — 1-608. The difference be¬ 
tween this and the value given by Stern is due to slightly difleient values 
being taken for the term NVri 

The “ expelimeiitalvalues ol C„ obt,lined fiom vapour pressure 
data, in the ease of aigon and hvdiogen, b\ Nernst (Grumilagcti dts 
Hcut /t If irnm uif.ts, it) 18) and b\ TCgerton ( 77 ///. A/ag., 39, 1 (1920)) 

in the ease of men my, cadmium, and /me, are given in the following 

tablt v .— 

Thk ( liK.viK'Ai, Constant. 


Sul,Manic 

j 

1 

c. 

M. 


H . . . 

1 

1 

1 23 + <.>• 15 

.COlf) 

• — i*f)8 + 0*15 

Af 

i + 

0-75 + (rot) 

3q-SS 

- 1*65 + o-o6 

He • 

; + 

1*820 + 0*032 

200*1) 

, - 1-631 + 0*032 

Cd 

i + 

1 "65 + 0*31 

112*4 

- 1*4*2 + 0*31 

Zn 

1 + 

1*23 jt 0-26 

65-37 

- 1*49 + o-2fi 


The weighted mean value for C 0 , greatest stress being laid on the 
accuiaey of the meicury value, least stress on the zinc and cadmium 
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values, is, according to Egerton: -1-622; a value which differs'by 
about 2 per cent, from that calculated by Stern, viz. - 1-587. 

The problem of the precise dimensions of the chemical constant has 
been considered in some detail by Lindemann. This is summarised in 
Appendix VIII. 

'Ejaculation ok thk Chkmical Constant of a ('.as on tmk Basis 

'* OF THK DEGRADATION ThKORY OF ('.ASKS. 

The calculation of the chemical constant by the method outlined 
below depends essentially on the direct applicability of Ncrnst’s heat 
theorem to gaseous systems, such applicability being rendered possible 
by the assumption of a degraded state' at very low temperatures. This 
method of treatment was first effected by Nernst (Zv/.w//. Elcktrochcm ., 
22, 185, 1916; Gru milage n des neuexx War me sixths, 191S). An ac< omit 
of the degradation theory itself has been given in the section bearing 
that title in Chap. IV. of this volume. We shall have occasion, in what 
follows, to make use of certain of the equations which aie giu n in the 
section leferred to. For convenience salve- the same numbering will be 
employed. 

As already shown, the degradation theory inquires that the molecular 
fieat of a gas—in the first place a monatomic gas—at finite volume shall 
decrease towards zero as the absolute zeio of temperature is approached 
[cf equation (2) of section referred to). This is analogous to the be¬ 
haviour of a condensed system. The rapidity with which this happens, 
/.(■. the slope of the C„ curve, depends on the volume occupied by the 
gas, the greater the volume the smaller the frequency of rotation ol the 
molecules and consequently the more quickly does C, v rise as the 
temperature rises, i.e. the lower is the temperature at which (1 caches 
its upper limit 3 2 . K. If we are considering the case, foi example, in 
which one gram-molecule of the gas ottupies 22-4 litres the frequency 
term is of the order of 10'V whilst the frequency characteristic of a solid, 
it will be recalled, is of the order io 1 -'. For such a rase, therefoic, the 
molecular heat of the solid would become negligible at a temperature at 
which the molecular heat of the degraded gas would still be sensible. 
Although this relative behaviour is essentially a function of the dilution 
of the gas, we shall consider, in what follows, that the volume of the 
gas, in general, is such that at the temperature considered the molar 
heat of the solid is negligible compared with that of the degraded gas 
On the basis of the degradation theory the behaviour of the gas is 
such that at constant volume a lowering in temperature (condensation 
being precluded) causes the pressure to fall not to zero but to a finite 
value, the “ Nullpunktsdruck ” which remains constant for any further 
fall in temperature. That is, over a ceitain temperatuie region we can 
write— 

limit dpjd'I = o for T = o 


for the degraded gas. 
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Nsince at the same time the molecular heat Incomes zero in the 
neighbourhood of absolute zero it follows that— 

limit dU/dT — o for T = o. 

In this manner Nernst generalises his heat theorem, which is now 
seen to be applicable to all states of matter. 

The limiting pressure referred to above is (as we have already sgjfrt— 
in the relevant section of Chap. IV., equation (5)), given by— 

not only at absolute zero but also for a small temperature interval above 
zero. Thus, keeping the volume of the gas constant, its pressure is inde¬ 
pendent of the temperature over the range referred to. This behaviour 
is in marked contrast to the behaviour of a gas if the gas law is obeyed 
down to absolute zero. For the sake of clearness we shall consider 
this point irom another aspect. 

Consider a single gas expanding between the volumes Vj and V.,. 
If the gas law were obeyed down to absolute zero we would have— 

A = RT log V/V,, 

whence, limit dA/dV — R log VJY\ for T — o. 


Obviously the limit of dAldl is not zero. Similarly, for the more 
general ease of a chemical process it can* be shown (cf Nernst, Grund- 
lagen, p. 156) that the limit dAjd'T is not zero, provided the gas law 
is obeyed. Hence Ncrnst’s heat theorem is not applicable to gaseous 
systems obeying the gas law down to absolute zero. The degradation 
theory is essentially a denial of the validity of the gas law at exceedingly 
low temperatures. It is to be remembered that we are here dealing 
with finite volumes. If the volume of the gas were practically infinite 
the gas law would apply almost to absolute zero, i.c. there would be 
no degradation except in the limit. This case is met with appioximately 
in the behaviour of saturated vapours for which, owing to their extreme 
rarefaction at very low temperatures, the gas law is regarded as applicable 
almost to absolute zero. 

Let us consider a physico-chemical process, namely, the process of 
condensation of one gram-molecule of a gas to the solid form, the gas 
being in the degraded state and occupying therein a volume V at a 
very low temperature T. V is large compared w r ith the volume of the 
condensed form produced as a result of the change. Let \ 0 be the 
heat which would be evolved 111 the condensation of-an infinitely dilute 
gas at absolute zero. In the actual case considered, in which con¬ 
densation takes place from a finite volume V, let us suppose that U 0 
represents the change (decrease) in the total energy at absolute zero. 
We then have— 


U 0 = 


A„ + = \ n + 


N 


N 2 /«_ 

4ttMV 2 & 


(«) 
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This expression will be evident when it is recalled that the inte^ial 
energy of the gas at absolute zero occupying volume V is {cf. 

section on degradation theory, Chap. IV.), where v is the frequency of 
molecular rotation. The same mass of gas at infinite dilution possesses 
no analogous energy term, since v = o for V = 00. Hence iiN/ze is 
the amount of energy which would be evolved in altering the volume 
Vt^the gas from V to infinity. In the latter state the heat of con¬ 
densation is, by definition, A^. The equation (a) follows at once. As 
a rule ilN/jv is small compared with A 0 . Thus, for one mole of hydrogen 
occupying 22-4 fitres at absolute zero, IjN/zr is 0-211 cals., whilst 
A 0 = 250 cals, appropriately. 

At a temperature T alcove zero we then have for the change in total 
energy— 

x // 2 N 2 / 3 

U ^» + 3 N - 4 -V^ + li ' 

where E is identical with | C,//T and, as shown by equations (1) and 

Jo 

(2) of relevant section, Chap. IV.— 


E 


At 1, 


. --r, 

2 C'AW 1 — 1 




hW 2 / 3 
47 rmV*l 3 

;Ma/ 4 Vwv , a>"j." j * 


For the reasons already given the term analogous to E for the solid 
state can be neglected compared with E for the gaseous (even the 
degraded) state. 

Applying Nernst’s heat theorem to the act of condensation envisaged 
above, we have— 



or A = U„ T /V ■ ( 0 ) 

since U = U () + 1 C • (y) 

The relative positions of the A and U curves for the process 
considered are shown in the accompanying figure. It will be observed 
that at absolute zero itself the free and total energy terms (A 0 and U u ) 
are identical (as .the Second Law requires) and the variation of these 
quantities with temperature are also identical (and zero) for a certain 
range above T = o. The extent of the range over which rfA/dT =» 
dVjdT — o is determined by the value of V, namely, V x and V.,, the 
volume of the gas initially considered.* If V x is larger than V.,, then, 
as pointed out in Chap. IV., C t , 1 *^ > C^ and the U^j curve rises more 
steeply than the U„s curve. Consequently the A V1 curve falls more 
rapidly than the A v , curve. Actually the value of U 0 (or of A 0 ) depends 
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on\he value of V, as is shown by equation (a), but -Jhis alteration is not 
shown in the figure, since U 0 is mainly determined by the term A 0 , 
Equations («), (f3), and (y) serve to determine completely the variation 
of A and U with temperature. 

We have now to consider the case of the saturated vapour. The 
equilibrium between the vapour and the condensed form is given by the 
equation— 

A' = - /V = - RT, 

the negative sign denoting that the process considered is condensation. 

As already mentioned, the gram-molecular y mme of the saturated 
vapour is so very laige at low temperatures that the gas law is obeyed 
at such temperatures. The points at wlucl'f the A^, and A„., curves 



Fin. 18. 


intersect the A' = RT line denote the temperatuies at which V, and Y„ 
just correspond to the molar volumes of saturated vapour. Since \\ 
is greater than VC, and since the molar volume of saturated vapour 
increases as the temperature falls, it follows that the A V1 curve cuts 
the A' cutve at a lower temperature than does the A va curve. 

If A' and V were known at all tempeiatures it follows from the 
relation A' = — /V that /, the saturation pressure, would also be known. 
Kor the satuiated vapour, l.e. for the point of intersection of the A and 
A' curves, vve can write A' = A. Consequently equation (/?) will serve 
to define A' and ultimately, therefore, / itself, provided we attach to the 
V term (which occurs in the E term of equation (/?)) the molar volume 
of saturated gas at the temperature considered. In applying equation 
(/?) in this manner we notice, in the first place, that— 



/ ;i2sa/3 

::RT log (cl™ 11 '- 13 


i:N. 


47rwV*; a 
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/r’N‘- /:i / 


and since 


• U (t = A 0 +‘N. 


477;/; V'-’ :t 


W-i s 


7 


we can write: A = A 0 + !jRT log - 1 ). 

Setting A = A' = - RT for some temperatme above /eio we have 


. - R r r = A 0 + jRT log (h"'"* 1 ' 3 - 1 




Writing 


4 7rw/’TV-/ ;) “ A 


it follows that when .v is sfcio. 11 , /<■., when V is very large (as will he the 
case for Miturakd vapour)— 


.’X 


1 = nr 2 to a very close approximation. 


This follows, since .vr 2 -- a^i + ^ — x + ^ + . . . 


Hence, 




Hut, 


/ /rN-'- 1 \ 

- RT — A 4 - ’RT loe ( 

0 - U \ 4 7 r/«/tTV-' :t / 

SU’T 

7 ' 


/rN"'* pp s/» . N//r 

— sinrr V —- 

4ir»iX-TV-'^ 4 7rW/C-^T & / ;i ’ 

/rN“/ ;t , /// 

Hence, ,:R 1 log lo b ^ 7r;/l j3,a /{ .:./^|'io2 

( 4 7rw) :l/L 7-"' '" J 

7 c 1 " 

Hence - RT - A, + ;N. + RT leg/ - f:RT log T 


R'i’ logy; - RT log T - RT log 


RT lem 


( 4 7 r»i) a/s X ,f ’/> 


A (( + N . 


/rN 2 ' :! 

4 7TW V" 


>r, log/ = -. + j logT - 1 + 1< 

and since - log e c — - 1 we obtain finally 

b ’ 


( 4 7rw) :! ; ,a 


log/ - - 


,. KT 

t 4 - ’ \ 

V" + 4 4 7 r/«V-'-‘ 


+ •] l0 ^ 1 + lo g ^3 ) ( 8 ) 


RT 


where e is the base of the natural logarithms. Equation (S) is the 
expression obtained for the vapour p. < ssure-tempeiature curve on the 
basis of Nernst’s heat theorem as applied'to vapours thiough the medium 
of the degradation theory. 

We have now to compare this expression with that given by the 
classical laws of thermodynamics, namely, the Clapeyron equation, 



288 A SYSTEM OF PHYSICAL CHEMISTRY 

wlVch in its simplest integrated form (with omissioi^ of the term for the 
energy of the condensed phase) becomes— 


lo g /> - - ^ -f 2-5 log '1' + i, 


where i is the integration constant. 

On comparing this with equation (8) they are seen to be identic*.! 

/£■ in * ^ 

except for the additional term in equation (8), namely, 3 N . 

This, however, as already pointed out, is of the nature of a small 
correction and may lie neglected. Hence on/'tjuating like terms we 
find—• , 


i 




w 


Equation (e) is the expression obtained on the basis of the degradation 
theory for the characteristic constant of a monatomic substance. The 
chemical constant is related in a simple manner to i, as shown in the 
previous section. 

Quite apart from the degradation theory we have already seen (fore¬ 
going section, equation y) that an expression may be obtained for i, 
namely— 

/ (2 7T>w) :t /’■*/"’ /2 \ 

'” l0 < h‘ -> 


The two expressions are similar, except that in the first we find the 

( 47 t) 3/ - 

term log -- — in place of log (27r) 3/2 , which occurs in the second. 


(47rl 3/2 

Numerically they arc almost identical. Thus log v ' == 1-215, whilst 


log (2 tt) 3/2 = 1-197. Experimental measurement is not as yet (1923) 
sufficiently refined to distinguish between these two values. Nernst 
regards the numerical factor of Sackur, Tetrode, and Stern as probably 
more correct than that given by the degradation theory, but at the same 
time points out the advantage of the latter mode of treatment in that it 
brings out how the integration constant depends upon the energy content 
of the gas itself. 

On the other hand, Lindemann (Phil. Mag. , 39 > 21, 1920) has sub¬ 
jected the chemical constant (i.e. the characteristic constant i) to a 
careful examination, the results of which are adverse to the degradation 
theory-. Lindemann, in fact, shows how the chemical constant may be 
eliminated, and the vapour pressure expressed in an entirely new way, 
namely, in terms of the pressure of complete (black-body) radiation. 
This suggests in turn that thermal radiation must play a fundamental 
part in chemical change. Lindemann expresses it thus: “ It is therefore 
suggested that the chemical constant may express the interaction of . 
matter and complete radiation rather than tequiring that a gas can 
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assume only a finite number of possible microphases at a g#en 
temperature, pressure, and volume.” An account of Lindemann’s ex¬ 
amination of the chemical constant is given in Appendix VIII. 


The Chemical Constant of Polyatomic Gases. 


The expression which has been obtained for the integration constant 
t, ftaniely—• 

'-Mi*—)■ ■ • <*> 


applies only to perfect^onatomic gases. In the case of an ideal poly¬ 
atomic gas it is necessary %o take into account the moments of inertia 
corresponding to the degrees of freedom in respect of molecular rotation. 
For a diatomic gas we are concerned with a single moment of inertia, I ; 
for molecules containing three or more atoms all three moments of 
inertia, I, J, and K, have to be introduced. Obviously in the case of a 
monatomic gas, since rotation is impossible, such terms do not enter. 

The mode of expressing the characteristic constant i of a polyatomic 
gas was first given by Sackur and by Tetrode ( loc. cit.) and later by 
Schames (Physical. Zeitsch ., 21 , 38, 158, 1920) and by Tolman (fourn. 
£mcr. Chem. Soc ., 43 , 866, 1921). Schames {loc. cit., p. 156) has 
further attempted to calculate the electrical moment of a dipolar mole¬ 
cule from the moment of inertia, I. 

For a diatomic molecule it is found that— 



27T/tt) 3/2 . h 713 . 

W~~ 



(») 


and for a molecule containing three or more atoms— 



k\. 

if ) 


( 3 ) 


As regards numerical quantities, the values of I for the diatomic 
gases oxygen, carbon monoxide, and nitrogen, obtained from the char¬ 
acteristic constant i with the aid of equation (2), are given in the second 
column of the following table :— 



Cias. 

I X 

I X JO*#. 


From Equation (a). 

Laski. 

0 * 


31-2 

751 

CO 


10-07 

— 

N., 


9-9i 

io-o6 


..The third column contains the values of 1 calculated by Laski ( Thysikal. 
iZeitsch., 20 , 269 (1919)) on the basis of the Bohr-Debye model from 
^Specific heat data at very high, temperatures. The agreement is very 
■sy, VOL in 19 
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bate for oxygen, but satisfactory for nitrogen. It may be mentioned that 
from a consideration of the spacing of the lines of the cyanogen band 
spectrum, which is attributed to molecular nitrogen, it has been calcu¬ 
lated that I = 14 x io~ 40 , a result in good agreement with the above. 
In the case of hydrogen—which would be expected to possess a value 
of I considerably smaller than those quoted above—Sommerfeld has 
deduced from the spacing of the many-lined spectrum of the gas th§t 
I = 1-85 x 10— 4I , whilst from the chemical constant, by n^^TT of 
equation (2), one obtains I = i-o x io~ 4I , and from the early Hohr- 
l)ebye model, J = 29 x to - ' 11 . The last\alue is undoubtedly too great, 
that is, the structure of H 2 is more compact that would be anticipated 
on the early Uohr basis, now discauled by Jlohunimself. 

For the triatonuc molecule H./J the valile of ^,/IJ K is found to be 
0‘94 x io -4 ", whilst Ilettner has calculated from the rotation spectrum 
of water vapour the value 1-38 x 10 40 on the basis of Planck’s first 
theory and 2*48 x io _4<) on the basis of the second. The cause of the 
discrepancy is unknown. 

As regards the calculation of electric moments, in the case of the II^O 
molecule, to which Schames attributes a certain structure in which the 
hydrogen atoms lie in the same plane with the oxygen atom above this 
plane, the calculated electric moment is 5-52 x io“ ls , whilst that ob¬ 
tained by Jona.(/ 7 /v.v;Xv//. /a' itsch., 20 , 14(1919)) is 1-87 x io -18 . The 
agreement is only correct as icgards oulei of magnitude. 

Tolman (loc. at.), deals with the analysis of the characteiistic con¬ 
stant from the point of \iew of entrop), but on a wholly difleient basis 
from that adopted b) the other authors mentioned. To I man’s method 
involves an application of his principle of similitude 01 iclativity of si/e. 
Since the method is m effect an extension of the theory of dimen¬ 
sions it is not possible to analyse i completely, no information being 
given legarding the purely numerical constants. 

Mass Action Equilibrium in Solutions t rom the Standpoint of 

Infra-red Radiation. 

{Cf. F. Kruger, Zcifsch. Elektroehcm ., 17 , 453, 1911.) 

The problem to be considered is the relation of the ionisation con¬ 
stant of the solute to the dielectric constant of the solvent. 

The radiation density in a medium depends upon the cube of the 
refractive index n as well as upon other factors. Further, on the basis 
of the classical electro-magnetic theory of light, the refractive index is 
connected with the dielectiic constant 1) by the relation >r = D. 
Hence the Adiation density is proportional to the dielectric constant 
raised to the power 3/2. It follows that in media of high dielectric con¬ 
stant, such as water, the radiation density is correspondingly high. 
Thus, D for water is approximately 81, and 81 1 ' 5 = 730. Hence for 
long waves the radiation density in water at ordinary temperatures is 
730 times the radiation density in a vacuum, where D ■* 1. Kruger 
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considers the case pi a dissolved electrolyte, and assumes that omy a 
fraction of all the ions vibrate, but that those which do vibrate at all 
possess the theoretical amount of vibrational energy required bv classical 
statistical mechanics, i.e. 3RT per “ active ” gram-ion. The high 
dielectric constant, according to Kruger, also sets a numbei of the 
charged atoms in the undissociated molecules of the solute into vibra¬ 
tion again with the amount of energy per “ active ” gram-atom 1 required 
by .a /^tical mechanics. The higher the ladiation density of a medium, 
that is, the higher its dielectric constant, the greater will be the number 
of molecules of solute activated in this sense, and hence the greater the 
degree of ionisation the solute. This is suggested as the basis, in 
terms of radiation, of tlk- relation known as the Nernst-Thomson uile. 

We now pass to the ^consideration of the mass action equilibrium 
resulting from such ionisation. Kruger carries out a therinodj namic 
work process in which allowance is made for the difference in radiation 
density arising from the fact that two different solvents or media are 
employed. 

Let us consider two media, dielectric constants 1 ), and 1 L, the media 
being capable of mixing in all pioportions. We might imagine a 
cylinder containing one solvent placed above the other with a mixture 
layer between the two. In each solvent let us suppose that theie is 
*one gram-molecule of a binary electrolyte dissolved, tin; ionisation con¬ 
stant of the electrolyte being Kj in solvent I. and K., in solvent II. ; 
K t > K... The following cyclic process is then eairied out. In medium 
I. one mole of the undissociated electronic ionises. The ions are 
brought by the aid of semi-permeable membranes into solvent II. where 
they unite, the undissoeiated molecule being returned to solvent I. The 
osmotic work of transferring the material is as follows : let C,„ C., 

be the equilibiium concentrations of the undissoeiated molec ules and 
the ions respectively of the solute in solvent 1. ; C' () , C',, C'., are the cor¬ 
responding quantities in solvent II. The osmotic work of the cycle is 
then given by— m 


A = 




RT log 


K, 

k,; 


In this process a certain amount of radiation is absorbed when 
ionisation occurs in solvent I., and the same amount is given out when 
the ions unite in solvent II . £ We have to deal therefore with a trans¬ 
port of radiation at the same time as we deal with a transport of material. 
The radiation is transported from a region of higher radiation density 
(solvent I.) to a iVgion of smaller radiation density (solvent II.). The 
work of transporting the radiation may be calculated in*the following 
manner:— 

• 

1 In the present case the “ critical ir\prement ” of the undissoeiated molecule is 
very small (cf. Chap. VII., section dealing with Thermal Reactions). 

a Kruger assumes here that the heat of the reaction is the same in both solvents. 
This, in general, will not be the case. 
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*Let us consider a certain amount of radiation,, i.e. the amount re¬ 
quired to “ activate ” one gram-molecule of the electrolyte, and let ns 
suppose that this radiation is enclosed in a membrane impermeable tc 
radiation. The radiation exerts a pressure—“ the pressure of light ”— 
upon the membrane tending to expand it. This pressure is proportional 
to the density of the radiation. It is known that the pressure w of the 
radiation is related to the volume <f> by an expression which is quit* 
analogous to Hoyle’s law for ‘gases, viz. ir<f> = k. ~ 

[Noth. —There is a serious difficulty here, as the expression assumes 
the temperature of the radiation is constant. If it ik isolated its tem¬ 
perature cannot remain constant on expansion op-compression.] 

If we accept this expression it follows that thC maximum work gained 
in expanding the radiation from to tt 2 , cor?esponding to the radiation 
densities u l and u it is k log Further, on the electro-magnetic 

theory of light, ir — uf 3, so that the radiation work is k log uju,. The 
density terms are proportional to the cube of the refractive indices or tc 
the 1 ‘5 power of the respective dielectric constants l) x and D r Hence 
the radiation work can be written as— 


k log 


We have now to determine the constant k. “ Let us assume that each 
vibrating ion [charged atom] in the undissociated molecule possesses 
three degrees of freedom, that is, each ion possesses 3/2 RT of kinetic 
energy and a like amount of potential energy, making in all 3RT pel 
ion, or 6RT for the two ions in the molecule reckoned per gram-mole- 
cule—each gram-molecule when it dissociates requires on the average 
an amount of energy 6RT which is drawn from the radiation.” Hence— 

u<j} = 6RT, .nation bo.. ( 

and since it = uj 3, it follows that— 

ir<f} •= 2RT. • S'l ANDCOINT OF 


Substituting this in the expression for the work d 
the radiation, we obtain— 


A = 2RT log (iy »/D 2 3 «) = RT log iy/l), a 


The ionisation equilibrium is defined by the equality 
and radiation work terms. 1 
We obtain therefore— 


or 


RT log 

Kj/Ks 


= RT log |y[, 
- 1 1 






'X't , 
-MJI 




1 Naturally if the solvent had been the same in both cases, and if the solutions !; 
are dilute, the radiation work term would be zero, and we are left with the osmotia^r 
work terms. The cycle would then reduce to the familiar one employed to deduoaf'$$ 
the law of mass action, i.e. K t would be identical with K a . 
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That is, on the ba#is of the assumptions made by Kruger, we wdTuld 
expect the ionisation constant to vary as the cube of the dielectric con¬ 
stant of the system. In order to test this cone lusion it is convenient to 
put it into another form. If y, and y 2 are the degrees of ionisation at 
the dilutions Vj and V 2 respectively in the two solvents, then— 

Kx _ n y (i_- y 2 )V,, Dx 3 
K, (T - yx)V, • y/ I). 3 ' 

If we choose the Concentrations, i.e. the dilutions, of the solute in the 
two solvents in such ^manner that the degrees of dissociation are the 
same, the above relatioiXbecomes— 

' "Vjj/Vj - D x 3 /D./ 

or D^V = constant for a given value of y. 

This relation had already been discovered as a purely empirical one 
by Walden (Zeitsch. phys. Chem ., 54 > 12 9 (1906)) as a result of measure¬ 
ments carried out with tetra-ethylammonium iodide in a number of 
solvents. The following are a few of Walden’s results. In each case 
the dilution term V denotes the dilution at which the degree of lonisa- 
4fon has the value assigned to it at the head of the table :— 





y = 

0-83. 



Solvent. 



Dielectric 

Constant. 

Dilution V 
in Litres 

D £ f V. 

Water 




80 

32 

254 

Nitromethane 




40 

200 

234 

Furfurol 




39 

200 

230 

Acetonitrile 




36 

320 

245 

Methyl sulfocyanule 


• • 


36 

270 

233 

„ alcohol . 


■ • 


32 'S 

400 

240 

Proprionitrile 




27-2 

800 

253 

Acetyl acetone . 


■ • 


26 

rooo 

260 

Acetic anhydride 


• ■ 


17-9 

2000 

226 

Benzyl cyanide . 




i6 - 7 

3200 

246 

Anisaldehyde 


• • 


I 5-5 

3100 

226 

Benzaldehyde . 


• • 


* 4’5 

4100 

2?|2 




y = 0 * 91 . 



Water 


• * 


80 

IXO 

383 

Furfurol 




39 

800 • | 

365 

Nitromethane 


■ • 


1° 

36 

800 i 

37 * 

Acetonitrile 




1000 

358 

Methyl alcohol . 


■ • 

• 

3 *‘ 5 

2000 

365 


As will be seen, the relation is borne out approximately. Kruger 
Sft deals with the possible causes* of the deviations. Of these the most 
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imjSbrtant is connected with the relation rr = D,*which is known to 
hold only for very long waves. It is probable that the wav e-lengths 
chiefly concerned in ionisation, although belonging to the infra-red 
region, do not conform to this relation. It is known that n varies with 
the wave-length when the latter is short, i.e. the ultra-violet, visible, and 
the short intra-red regions. Hence the values of D are to a consider¬ 
able extent arbitrary, the values not being strictly comparable. •JjiU* 
the value obtained tor the cfielectric constant will depend ver>*Targely 
on whether theie exists an absorption band at the wav-length employed 
in the dielectiic constant apparatus. In the cay of water it is con¬ 
sidered that the high value obtained is partly dyr to the tact that water 
possesses a band for the electro-magnetic »waves usually employed. 
Further, Kruger’s assumptions aie possibly not collect in all cases. 
Thus, it is very surprising that the results quoted should be as satis¬ 
factory as they are, tor the electrolyte is strong. Nevertheless the 
deduction, so far as it goes, indicates that radiation plays a idle in 
ordinary chemical piocesses. Kruger shows further how an empirical 
relationship ot Walden, according to which “saturated solutions of one 
and the same electiolyte in various solvents possess the same degree of 
ionisation,” can be deduced on the radiation basis. For details regard¬ 
ing this and othei matters the original paper of Krugei must be con-*, 
suited. * 


1'n k I Ik vr oi- Rkaction. Haukr's Relation. 


In Chap. VLI. we have dealt with the rate of a thermal reaction and 
the velocity constant from the point of view of the quantum theory. In 
the case of a unimolecular reaction in a homogeneous s)stem the 
variation of the velocity constant with the temperature is given by the 
expression— 

d log kjd'Y = N//.-/RT 2 

• 

where v is the characteristic vibration frequency, 01 head ot the absorp¬ 
tion band, of the decomposing substance. If the reaction be a re¬ 
versible one, the resultant being characterised by the frequency v\ the 
corresponding velocity constant being k’, we hat e— 


Hence 


d log k'jd'Y = NZ/r'/RT 2 . 

d log k;k' _ NZ/(v - v') 
d'V RT 2 ‘ 


But /<jk' -- K, the equilibrium constant. Hence we obtain the relation— 

d log K/i/T = NZ/(i- - F)/RT 2 . 

At the same time the statistical^ mechanical expression of Marcelin 
and Reic gives the relation— 

d log K ill' = (E - E')/RT 2 
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where E is the critical increment of the reactant, E' that of the resul 
On comparing these expressions with the van’t Hoff isochore, viz .— 

d log K{dT = - Q t ;R'P 

where - Q„ is the heat ab*orbed per stoicheimetric quantity of the 
reactant transformed or decomposed, we obtain the relation— 

~ Qv — (heat absorbed) = NA|r - v f ) = K — E' 

or, heat evolved in the teaction = critical quantum of the lesultant 
minus tte critical quantum of the reactant. 

In the case of reaVjons involving several reactants and resultants we 
may generalise the abovfc # cxpression, and write— 

Heat evolved = 2 N^i' resu |( an t s — iiN^r reaL tants. 



This expression, deduced however by a totally different method, was 
first given by Haber {Her. Deuisch. phys. Ges., 13 , 1117, 1911). it 
may theiefoie be called the Haber expression for the heat effect. The 
above mode of deduction is that given by the writer ( Trans. Chem. Soc., 
Ill,457,i9i7)- 

In the above formulation the heat of reaction at constant volume 
.has been expressed as the difference of the critical quanta or the dif¬ 
ference of the critical increments of the resultants aqjl the reactants. 
The heat effect at constant volume is also thermodynamically defined as 
the difference of the mean internal energies of the reactants and re¬ 
sultants. To see that these two definitions are concordant we may 
proceed in the following manner. 

Let us consider the simplest type of reaction, viz. A ^ 13 . The 


various energy terms involved in the process are represented in the ac¬ 


companying diagram (Fig. 19). The 
ordinates denote internal energy, the 
length al> coriesponding to the mean 
value U, of the internal energy pos¬ 
sessed by one gram-molecule of the 
substance A, and similarly the length 
de represents the mean energy U« 2 of 
the substance 13 . Before one gram- 
molecule of A, possessing the average 
internal energy U 1? can become reac¬ 
tive its internal energy must rise to the 
point c by the addition of the critical 
increment E r . At this stage the 
gram-molecule possesses the energy 
(Uj + Ej). It may now change into 



one gram-molecule of li, with an Exothermic Process, 

evolution of energy denoted by the * p IGi Ig . 

dotted line ce. The gram-molecule 


now possesses the mean energy de, or U 2 characteristic of the substance 


B. In passing from c to e the energy emitted is (U l + Ej) - U 2 . In 






a frWary*? if* A aft* a r At*nfr*jttiy+r'a ) tr 

%/A m, +.*L * W/JU/ VMA^M4WAMi« 


‘ it# 


pacing from the mean state b to the mean state,, f the total energy 

total energy 
or 17 - - TJ.. 


evolved is (Uj + Ej - U 2 ) - E lf or Uj - U, Ihe 


evolved tn passing fiom e to b is (U^ + 1C 2 - UJ - E- 
This expresses the fact that if the reaction is exothermi 
tion it necessarily is endothermic m the levcise direction 1 

When a molecule is m the critical state it is impossible to say whether 
it belongs to the system A or to the system B. That is, the critical statd 
is common to both A and B ’ If E c denotes the total critical t - n2Tgy^— 
not the critical increment— E r will havi the same value foi the A and B 
molecules alike. 1 his is indicated in the diagram oy the lints or and 
df being of equal length brom the above c or^iderutions it follows 
that— s ' 

E c = Uj + Ej = U 2 4- E, 

Hence Uj - U 2 = E s - Ej = Q v = N//(v' - ») 


In writing Q v as the difference between the critical quanta of the 
resultant and reactant we have really assumed that Q t is a constant 
independi nt of temperature This, of couise, cannot be exact, as it 
would mean that d\J/dT - o, or that the sum of the molecular heats 
of reactants is equal to those ol the resultants '1 he above ladiution 
expression is there foie an approximation Jn tins connection it may 
be mentioned that a iccent investigation of equilibria in the gaseous 
State has led Scheffer (/Vy>, A bad. Wtttnu/iap Amsterdam, 19 , 6^6, 1917) 
to the conclusion that the variation in Q t with tempt lature is a negligible 
quantity in general, t e “ the experimental error in the determination 
of K is always such as to render meaningless any attempt to allow for 
the variation of Q with T ” This practical conclusion does not effect 
the qutstion, howevei, of the tiue variation of Q with r I 

The initgiated expression for K on the above ladiation basis takes 
the approximate form— 

. „ N/r(v — v) 

log, K --+ constant, 

NA2(v' - r) 

or log, K = — ' + constant, 


where v' refers to resultants, v to reactants, and K is so defined that the 
equilibrium concentration terms of the resultants appear in the numerator. 

In connection with the magnitude of the heat of reaction observed 
in some eases a point of importance arises. Take the case of the union 
of hydrogen and oxygen gases to form water vapour in which a very 
Urge amount of heat is evolved On the basis of activation and 
critical increments no paiticular difficulty arises since the actual process 

1 Note that on tht above mechanism the system never passes along a line such as 
except in the case m which the critical state of a substance is identical with its 
normal state. This appears to be the case ‘or atoms formed by dissociation of a 
gaseous molecule, the dissociation being accompanied by an absorption of heat which 
M identical with the critical increment of the molecule. The critical increment of 
the atoms appears to be zero. 
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is attributed to activated molecules and not to those possessing rfie 
normal or average amount of energy. On the other hand, the thermo¬ 
dynamic definition of heat effect at constant volume would require in 
the above case that the average internal energy of the hydiogen and 
oxygen was at least as great as the heat evolved in the formation of 
water. The magnitude of this heat effect is such, however, that it could 
not possibly be accounted for in terms of the heat capacities or integra¬ 
tion or like C V H' values from absolute zero up to the temperature of 
reaction. To maintain the thermodynamic definition as a physical 
reality it would scen^aecessary to postulate with Planck a /cu> point 
energy and to assume* hat this can manifest itself in the chemical 
change. Whether this iscase or not is by no means clear since on 
the basis of active molecules the thermodynamic statement is formally 
true although the actual process differs from that implied in the thermo¬ 
dynamic statement. 


Thk Ljc Chatelier-Braun Principle from the Point of View of 

the Radiation Hypothesis. 

(Cf Lewis, Trans. Chem. Sac., 115 , 710, 1919.) 

Consider the reversible leaction— 

reactant ^ resultant. 

Let us suppose that the reaction from left to right is endothermic. 
Then, in accordance with the principle of mobile equilibrium, an 
increase in temperature will favour the resultants. 

From the point of view of radiation, the fact that the above process 
is endothermic means that the critical increment of the resultant is 
less than that of the reactant. This follows from the quantum-heat 
expression— 

heat evolved = 

critical increment of resultant - critical increment of reactant, 

or heat evolved = N^(v*2 - vj, where N is the Avogadro number and h 
is Planck’s constant. In the case considered, it follows that the critical 
frequency v 2 of the resultant is less than the critical frequency v x of the 
reactant. 

Let us consider the above equilibrium at two different temperatures, 
and T,, where T n is less than T 2 . For the short infra-red region 
(which has already been shown to be of significance for reasons which 
'proceed with measurable velocity at the ordinary temperature), as well 
as for the visible and ultra-violet regions, Jhe radiation density corre¬ 
sponding with the frequency iq at T x is— 

8v/h'i 3 n J . .. 

. 1— g-hnlk n 

c 3 
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aiftl at T,j the density is- 




where c is the velocity of light in a vacuum. 

If T x and T 2 are not very far apart, and especially if the reacting 
system is gaseous, the refractive index term n will be practically the same, 
at both temperatures. ' «■*- ^" 

The fractional increase in the radiation density^ due to the rise in 
the temperature from Tj to 'I'., at the frequency iq, given approximately 

'&irhvy>r'' ( , 

. 1 [ (* — n f — S.vi/nl i 


which is equal to 


W/cpV ,, /ni 

(/re, ■ y _,). 


Similarly, for the fractional increase in the radiation density at the 
frequency v s we obtain— 

(,xC, -y _ 


Since by hypothesis e, is greater than iq, it follows from the above ex¬ 
pressions that the fractional increase in the radiation density at the fre¬ 
quency ci is greater than that at the frequency v.,. Hence at the higher 
temperature the radiation density of the type absorbable by the reactant 
(»q) has increased relatively to that absorbable by the resultant (iq). 

On the radiation hypothesis of chemical reactivity, it is assumed that 
the rate of decomposition is directly proportional to the radiation 
density. Tor both frequencies, the rise in temperature has caused an 
increase in the radiation density, but the‘increase is relatively greater 
for the higher frequency (iq) than it is for the lower frequency (v 2 ). 
It follows, therefore, that at the higher temperature both the reactant 
and the resultant react or decompose more rapidly than they do at the 
lower temperature. This is in agreement with experiment. What is 
more important, however, is that the reactant decomposes at a relatively 
faster rate than the resultant, because the radiation density of the 
reactant is relatively increased with respect to that of the resultant. 
Hence as the temperature is raised, the existence of the resultant, in the 
above case, is favoured more than that of the reactant, and the equi¬ 
librium position shifts over towards the right. Had the reaction been 
exothermic, the relative positions of iq and would have been reversed, 
with the result that the equilibrium concentration of the reactant would 
have increased relatively to that of the resultant. 

These conclusions are identical with those which are arrived at on 
the basis of the principle of Le Chatelier and Braun. In so far as this 
is concerned the radiation hypothesis Is in agreement with the thermo¬ 
dynamic generalisation. 
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Maxwell's Distrj 


Hj^Tl 


tion Law and tiik Principle ok Equipaktition 
of Energy. 


J3f James Rice, M.A. 

The aim of mechanics is the description of motion. We seek to 
specify the position of every part of a system of bodies at every instant. 
The most direct way of doing this would be to express all the necessary 
geometrical co-ordinates of the system as known functions of the time. 
To this end the laws of motion are applied to the special features and 
environment of each system, and a senes of differential equations are 
obtained which, among other quantities, involve the first and second 
differential coefficients of each co-ordinate with respect to the lime, 
i.e. the velocities and accelerations. If the mathematician can solve 
for us the particular differential equations arrived at, we have attained 
our object for that system. Many special cases of considerable interest 
have proved amenable to mathematical treatment, but, at present, no 
solution for the general case exists. 

In the phrase, “system of bodies,’' we must be definite as to the 
meaning to be attached to the word “ body ”. In physics and chemistry, 
a single body is a system, i.e. a collection of molecules, which are in 
themselves discrete, if minute bodies. Indeed, the molecule itself is a 
system of atoms and, on present views, the atom is a system of nuclei 
and electrons. Even if w£ regard a body of fluid or solid material as 
a system of molecules alone, without concerning ourselves about its 
internal structure, the complexity of description involved in a complete 
account of molecular motion is so great that it becomes necessary to 
introduce the mathematical theory of probability. We are no longer 
concerned with an exact solution of the dynamical problem, by whi<!hone 
could predict with certainty the position and motion of each molecule 
at a given instant; instead we endeavour to find the law of distribution 
of the co-ordinates and velocities of the molecules, so as to be able 
to state, with but small possibility of error, that at a given instant such 
and such a fraction of the molecules will occupy such and auch a portion 
of the space filled by the body, and have velocities lying between such 
and such limits. It is this feature which characterises a problem as one 
of statistical mechanics. 

In dealing with a system of molecules, the co-ordinates referred to 
above are naturally the Cartesian co-ordirihtes of the centres of each 
molecule referred toa defimte set of axes; but it should be borne in mind 

m * 
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thil in general dynamics the word “ co-ordinate *1 is used to indicate 
any geometrical quantity which serves to specify the position and con¬ 
figuration of the parts of a system, the least number of such co-ordinates 
which is necessary to specify the system completely being, in fact, its 
number of “ degrees of freedom 1'hus, if we attempt to treat the • 
problem of a system of molecules which are themselves systems of 
atoms, we should have to introduce further geometrical magnitudes tb • 
those mentioned above, which would define the position of es’ehr'atom 
relative to the centre of its corresponding molecule.,, 

As regards the velocities of the individual inp*ccules, thet J e are two 
ways open to us to specify such a velocity, .botlyis regards its magnitude 
and its direction. We may give the three <?;cmiponents of the velocity, 
parallel to the three axes of co-ordinates, or we may give the actual 
speed combined with some convenient way of indicating its direction. 
The following is a simple method of defining direction :— 

Conceive of a sphere of unit radius. Every direction in space is 
parellel to some radius of the sphere. Consequently a point P on the 
surface of the sphere can be said to represent a direction in space, viz. 
the direction parallel to OP where O is the centre of the sphere. Any 
direction and its opposite are of couise represented by diametrically 
opposite points on the sphere. In statistical work we have to classify 
"directions intff groups, and one convenient way of doing this is as 
follows: Draw a series of planes perpendicular to a given diameter of 
the unit sphere, and meeting the diameter in points which divide the 
diameter into an exact number, say m t of equal parts. These planes 
divide the surface into a series of zones, and it is well kno\Yn that these 


zones have equal areas, viz. 471 rjm, being in fact the entire area of 
the sphere whose radius is unity. Still further subdivide the surface by 
a number of planes, say rt , each containing the diameter and each one 
making with its neighbouring planes, angles which are all equal to an 
aliquot part of 27 r radians, viz. 2irjn radian. This new family of planes 
cuts the surface of the sphere in great cities which subdivide each 
zone in equal parts, each part being four-sided and equal in area to 
^irjmn. (The parts round the ends of the diameter are three-sided but 
have the same area). If we call this area w, then the number of such 
elements of area is mn or 47r/«.>. It will prove convenient presently to 
classify directions into groups such that all the directions in one group 
correspond to points in one superficial element of the representative 
sphere. In the nature of things no finite limit can be assigned to the 
number of directions in one group, no matter how small the elements of 
area are made by closer and closer subdivision by the planes of “ latitude 
and longtitucje,” but of course closer subdivision and an increase in the 


* number of groups involves closer and closer limits to the angular differ- 
between any pair of directions in one group., 4 

'a--v T$t$tproblem in statistical mechanics which has received the greatest 
^attention concerns the statistics of'a body of gas enclosed in a fixed"; 
^ Volume and in a steady state with regard to such properties as tempera- . y 
ture pressure and density. Here, among other things, answers ba^|; 
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been found to such ^questions as refer to distribution of the positions 
and velocities of the molecules, the mean number of molecular colli¬ 
sions per second, the mean free path, the connection between these 
quantities and the pressure, temperature, viscosity, rate of diffusion, 
eta, of the gas. We proceed to quote some known results concerning 
the distribution of the molecules in position and in velocity. 

. • As regards the positions of the molecules, we conceive the conclosure 
to be subdivided into a great number, say n • ‘ physically small ” volumes 
or cells. This meins that each cell is supposed too sm ill to be dealt 
with separately by'^ui experimental apparatus and yet large enough 
to contain an enormoiN number of molecules. As it is known that the 
number of molecules uTonc cubic mm. of a gas at N.T.P. is about 
3 x io 1B , this condition is easily complied with. Suppose we have 
altogether N molecules in the enclosure, then the avciage number of 
molecules per cell is N jn which is assumed to be a large number. 
Suppose we express the actual number of molecules in any cell as 
N jn . (i +8), where 8 is the fractional variation of this molec ular density 
from the mean molecular density N///, and may be positive or negative. 

It can be proved that there is an enormous probability against the 
possibility of 8 acquiring values of an order of magnitude gieater than 
the ordei of i/N. As N is enormous, this practically means that there 
il an enormous probability in favour of uniform distribution of the 
molecules in position. It should be noted as a feature of this statisti- 
cil proposition that the proof of it does not prove the impossibility of 
the number of molecules in any cell deviating seriously from the mean 
number; it proves that such a state is extremely improbable, and that 
the dynamical conditions which would produce it occur so infrequently 
and exist for so brief a time that actual demonstration of its existence 
would elude our experimental arrangements. 

When we come to deal with the distribution of the molecules in 
terms of velocity, we do not find this uniformity of distribution, 'tak¬ 
ing the question of speed a’one, apart from questions of direction, there 
is certainly a theoretical upper limit to the possible speed attainable 
by any one molecule; it is in fact the speed which that molecule would 
have if it possessed the entire energy of the gas, the other molecules 
being absolutely at re>t. Such a speed is, however, far beyond any 
practical limit; although there is no dynamical impossibility in the 
state of affairs pictured, there is an enormous probability against it. 
t The application of statistical methods to this problem leads to the 
view that certain speeds are more privileged than others. Thus there 
is one speed such that there are at a given instant more molecules 
possessing velocities within, say, one foot per second of this speed than 
* there are molecules possessing speeds within one foot pdr second of 
any other speed; and if we choose speed*, smaller and smaller or larger 

6 and larger than this 11 maximum probability " speed, these speeds are 
v <4ess and less privileged, until, when we arrive at zero speed or at speeds 

'Wry great compared with the maximum probability speed, the proba- 

7 bality of their occurrence is very small indeed. There are, however, 
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rut privileged directions , all directions of motion being equally likely. 
This rough statement will ‘■erve to introduce the mathematical.law of 
the distribution of velocities, first formulated by Maxwell and often 
stated in the words: “ the law of distribution of the velocities among 
the molecules of a gas in the steady state is the law of eriors 

As a matter of fact there are two ways of stating Mixwell’s Law, 
one of which assumes a velocity to he measured by its components 
parallel to the Cartesian acts, the other w ty assumes that £ velocity 
is to he measured by its magnitude and direction on the plan explained 
above (the unit sphere device). In the formcL^ase the,] nv of the 
distribution is for each component similar to the normal law of errors, 
but in the latter case the law of distribution of the speeds is not the 
normal law of errors. Let us take the first method of formulation. 

Considering an enormous number of molecules, N, it can be shown 
thit in the steady state tho^e of them which at one instant have veloci¬ 
ties whose X components lie between narrow limits, say u and u + du, 
are in number equal to— 

NA e~y u,1 du 

where A and y are constants to be determined shortly. This number 
constitutes a fraction A e~~y u -du of the whole. It should be carefully 
observed that the group of velocities here dealt with are not neces¬ 
sarily close tdeich other in mignitude and direction: it is only their 
X component', which ue close to each other in magnitude, no restric¬ 
tion is so far imposed on the V and Z components. 

Of this limited numbei there will be at the same instant a certain 
fraction which hive their V components between v and v + dv, this 
fraction being in fact Ac -y vl dv ; so that the number whose X and Y 
components are between u and u + du, and 7- and v + dv respectively, 

NAv-V'V//, e~V'~dv 

or N Ay ~y [ u " T ’ ' l) dudv. 

A similar step gives the number of those whose X, Y, and Z components 
are at one instant within the limits u to u + du, v to v + dv, and w to 
w 4- dw respectively, as — 

N A : V- 'r iv -)dudvdw . . . (i) 

* v 

We can calculate the constant A in terms of y; for if we inte¬ 
grate for all values of u, v, and tv from - infinity to + infinity, we must 
get N. 

f + 30 f -t-°° r+x 

t— y"Vw. I e~ y v ' l dv . I * e-r&dw. 
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We can also calculate y in terms of the total kinetic energy of Jbe 
molecular motion, lor the fraction of the whole, i.e. fractional number 
of the whole number of molecules, which is represented by— 

NA : V“Y ,, ‘ 2 + l ' 2 + • l '~ ) dudvdiv 

have each kinetic energy \m{u~ + v 2 + it’*) where tn is the mass of a 
, molecule. 

Hencj; the total kinetic energy is— • 

£NA : i*«J dw . («" + v 2 + w '). e dudvdiv. 

Leaving aside the constant.factor for the moment, we see that the triple 
integral is the sum of thiec triple integrals, one of which, for instance, 
is— 

g ao C tn C-j-co 

u 1 e' "* u ~du . I e~y v2 dv . I ev^div. 

— 30 J 00 J QO 

Now it is known that— 

u 2 . e~y"‘du — ^ Jir/y* 

and the two remaining intergral factors in the above chosen integral have 
already been evaluated. Henc e the selected member of fhe three triple 
integrals has the value J ir :, /y 5 , and the other two have each the same 
value. Hence the total kinetic energy is— 

: |NA 3 w Jtt 1 !y'\ i.e. ]N;«/y ; since A = •Jyjir. 

Now we could conceive the molecules all moving with one uniform 
velocity as a rigid body, for instance, and that velocity such as to give 
the same kinetic energy as that due to the gaseous motion. Denote 
the magnitude of this hypothetical velocity by c, and we have— 

= |Nw/y, 

7 = S/ 2 ^- 

This particular speed c is not the true average speed, nor is it the 
maximum probability speed referred to above (its relation w’ith these 
will be given presently); it is in fact a speed whose square is the aver¬ 
age of the squares of the molecular speeds at one instant, and on that 
account is called the root-mean-square or r-m-s-speed. Assuming that 
this r-m-s-speed is known, we formulate Maxwell’s Law in one way 
thus:— 

Of a great number N of gaseous molecules in sieady .<tate with an 
r-m-s-speed c, the number whose velocity components at one instant 
He between the limits « to u + du, v to v 4 - dv y w to w + dw, is— 



e-#*+*+**)b^/ u d v dw 


« 
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ajjd we see that any one particular component, say u , enters into thU 
expression in a manner similar to the way the error x enters into th<? 
expression for the normal law of errors viz., 

We can employ a geometrical method of representing this law. 
Imagine that //, v, w are chosen to be the Cartesian co-ordinates of a 
point in a three-dimensional diagram, which we will refer to as the 
velocity diagram. The oiigin O of the co-ordinates in this diagram, 
represents absolute rest, while any other point P representsvelocity 
whose magnitude is given by the length OP and who.se direction is the 
direction of OP. Let us write c for the length O i.e. m 

C — Ju 1 + V 1 + Wf 

% \ 

gives the actual speed corresponding to the point P. Now suppose we 
represent, as it were, every molecule by a point in this diagram, i . e . 
each point represents the velocity—not the position—of some molecule, 
so that we have therefore N points marked in the diagram ; these points 
will, of cour-e, move about with lapse of time, because of the changing' 
velocity of the corresponding molecule. The expression (2) states the 
volume distribution of these points at a given instant. Thus, taking 
dudvdw to be an element of volume of the velocity diagram the 
“density” of the points around the point representing zero speed, ie . 
representing the condition of rest, is— 


N j2llX7T S ?K 

Around any point representing a speed c (with no restriction as to 
direction), i.e. around a point lying anywhere on a sphere of radius c 
with its centre representing rest, the density of the points is— 

N Jz’jT&rW. C-W2* ... ( 3 ) 

So the density of the swarm of points diminishes in this exponential 
manner as we recede from the point representing rest. The reader is 
warned against drawing the erroneous conclusion that there are at any 
moment more molecules in the gas at rest, or very nearly so, than there 
are those possessing any other assigned speed or near to it. The fallacy 
involved in such an inference will be pointed out presently. 

^.n element of volume in the velocity diagram represents what is 
called an “ e\tension-in-velocity,” just as an element of volume in actual 
space occupied by a gas is an “extension-in-position.” Thus we may 
refer to expression (3) as the “ density-in-velocity ” of the molecules m 
about any velocity of the magnitude c. 

We can readily pass to the second manner of formulating Maxwell’s 
Law, and in so doing clear away the possibility of misconception referred 
to a few lines back. Suppose we wish to find the number of molecules 
whose speeds (i.e. merely Velocity magnitudes) are at any moment ’ 
between the limits c and c + dc, but with no limits placed on 
directions of motion. We^iust obviously find the number of points in’.*;-' 
our velocity diagram which lie between spherical surfaces of radii f 
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c + dc . The volurpe of the elementary region of this diagram is 4 \§Adc, 
and-the point* density in the region is given by (3). Hence the number 
sought is— 

47tN . f‘‘V~ 3 ca /a fs . dc . . . (4) 

The expression (4) has, for a given value of the differential element of 
.speed, dr, its maximum value for a value of c which makes— 

fie-**!** * 

a maximum. usual methods of the calculus it appears that this 

value of c is: or 0*816?; so that there are more molecules at an 

instant possessing speed^»within, say, one foot per second of this speed 
than of any other assigned speed. That is, o - 8i6* is the speed with 
“ maximum probability 

We can now deal with the fallacious inference mentioned above. 
Let us consider a velocity with speed c and a definite direction whose 
direction angles are a, ft, and y. The velocity has then the com¬ 
ponents— 

c cos a, c cos ft, C COS y. 

Now, undoubtedly, there are more molecules whose velocities have 
components between o, 0, o and du, dv, dw than there ary molecules with 
velocity components between c cos a, c cos ft, c cos y and r cos u + du, 
c cos ft + dv, c cos y + djv. This is a just infeience from equation (3); 
but this statement is not true if we remove the condition of definiteness 
from the angles a, ft, and y and allow them to take any possible values. 
The removal ol this restriction does not alter the speed limits, but it 
multiplies the number in the second group enormously. From the 
point of view of the velocity diagram, the representative points do un¬ 
doubtedly cluster more densely around the origin of the diagram, and 
less and less densely around a point gradually receding from the origin, 
but the actual law of distribution provides for the number of points 
which lie in a thin spherical shell of definite thickness, increasing as we 
go out to a shell of average radius o - 8t6c and then decreasing as we 
go still further. From the origin to 0 816? the increasing volume of 
the shell more than compensates the decreasing density of the points ; 
further on it fails to do so. , 

We can modify expression (4) so as to deal with velocities having 
defined limits of direction. Expression (3) shows us that the density- 
in-velocity is a function of speed only ; hence there are no privileged 
directions. So pf those molecules which at an instant have speeds 
between c and c+ dc, the number whose directions of motion are re¬ 
stricted to the directions represented by points on a superficial element 
w of the unit sphere constitute a fraction Multiplying expres¬ 

sion (4) by this fraction, we find that* the number of molecules so 
restricted as to speed and direction is— 



i*6 
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If wt wish to find the number of molecules which have speeds within 
limits finitely separated we must integrate (4) or (5) between the limits. 
Thus the number unrestricted as to direction, with speeds between C\ 
and c 2 j 

47rN J 27 / 8 ^^ J 1 V . e—i c2 ‘ aP> . dc (6) 


Expression (6) can be mucl> simplified by introducing instea^ of-the 
speed c the ratio which this speed bears to the maximum probability 
speed . c. / • 


Call this ratio a so that— 


C = . C . X 

and hence dc = x /|. c . dx. 


On introducing these expressions into (6) we find after a little re¬ 
arrangement that the number of molecules whose speed ratios lie 
between and x 2 is— 

4N/ Jir . [ 2 .xh—^dx (7) 

[In (7) we might refer to x as the speed, if we took the maximum 
probability spe«*d as the unit of speed.] 



The properties of the integral in (7) can be most readily exhibited 
by means of Fig. 20, which is the graph of the curve— 


The graph begins at the origin O; y rises to a maximum value i/<? (or 
0*37 approximately) when x ^ 1; the curve then descends asymptoti¬ 
cally to the axis of x, y reaching ar low a value as C02 when x =* 2*5, 
i showing that all but a very^small fraction of the molecules have speeds 
at any moment less than two and a half .times the. maxi mum probability 
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speed (which corresponds lo -v equal to unity) or practically twic%* the 
r-m-s-speed. * In fact, the fraction of the molecules whose speed ratios 
He between x t and x 2 is given by : 4/ Jw area of I^MjM^Pa, where 
OM t = a?! and OM 2 = ar 2 . By methods of analysis or quadrature of a 
carefully drawn graph numerical values can be obtained. The following 
table from Meyer’s Kinetic Theory of Gases (translated by Baynes) 
'illustrates the point:— 

Of 3000 molecules of oxygen at o° C.* whose r-m-s-speed is known 
(by methods to be explained presently) to be 461*2 metres per second— 


13 to 

14 molecules have speeds below 100 

metres per second. 

Si 

8a 

M % M 1» 

from 100 to 200 

1* 

II II 

1O6 ,, 

167 

• 

2C0 „ 300 

II 

11 11 

214 » 

215 

»» II II 

„ 300 ,, 400 

11 

11 11 

202 „ 

203 

1* II II 

,, 400 ,, sco 

' 1 

11 11 

151 

152 

II II II 

,, 500 „ 600 

11 

tl 11 

91 

92 

11 11 >• 

„ 600 ,, 700 

• 1 

11 II 

7 6 .. 

77 

*1 11 II 

above 700 

11 

11 II 


The table shows that all but about 10 per cent, of the molecules have 
speeds between one-half and double the r-m-s-speed. It thus appears 
that despite the possibility of any definite molecule acquiring a speed 
^enormous in comparison with the average, the probability of it doing so 
is exceedingly remote. It should also be observed in illustration of the 
point dealt with earlier, that the number possessing quite low speeds is 
also very small. 


The kinetic theory of gases explains the pressure of a gas as the 
result of molecular bombardment, and connects the pressure and tem¬ 
perature of the gas with its mean molecular kinetic energy. The actual 
relations are as follows:— 

If p grams per c.c. is th£ density of the gas, and p dynes per square 
cm. its pressure, it can be shown that— 

P s “ 

■» 

where c, the r-m-s-speed, is measured in cms. per second. If p and 
p are known, this enables us to calculate c, as, for example, in the table 
just given. If E is the energy of motion of a molecule— 54 

E — -fame 1 , 

where m is the mass of a molecule; and if E is the mean molecular 
kinetic energy, then— 

E = \frc-. 

Hence p => \nmc t = J«E, 

where n is the number of molecules per c.c. 

The experimental gas laws are summarised in the statement that--* 

‘pv =* RT, V 
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whert v c.c. is the volume of one gram-molecule of £he gas under the 
pressure p at the temperature 1 ' and R is the gram-molecular gas con¬ 
stant. 

Hence we derive— 

2 _ x R 

-wE = RT, or E = . . T. 

3 2 nv 

Rut nv is the number of molecules in the gram-molecule; so«R jnv is 
the gas constant per molecule, usually denoted by k. -Thus we obtain, 
as the connection between the temperature of thg^as and tts mean 
molecular motion-- 

E = :!/’T (8) 

We have so far dealt with a gas composed of similar molecules, but 
if we consider a gas mixture containing molecules of different masses, 
little alteration is required in the formulae. It can be shown that among 
each group of molecules of one type, the relative distribution in speed 
and direction is similar to that already outlined for a simple gas, and is 
unaffected by the presence of other t\pes of molecules. This is a 
statistical generalisation of the well-known law of Dalton concerning 
gas mixtures. Thus, each group of molecules has a certain r-m-s-speed,. 
but the value ofrthis varies from group to group ; however, aver) simple 
relation connects them. If we denote types of molecules by suffixes, 
i, 2f 3, etc., then— 

w,"j“ — m/J = rn-// = etc. 


where m v »i, t m. A , etc., are the masses of each type of molecule. In 
terms of aveiage kinetic energies per group of molecules this is— 

Ej = L = E a etc. 


Refetring to (8) we see that this dynamical conclusion is the statistical 
statement of the equality of temperature which obtains throughout the 
gas mixture when a steady state has been attained. On account of this 
relation it becomes more convenient to state the distribution law in 
terms of limits of kinetic emigy. This is easil) done. Thus, ie\ert- 
ing to die case of a simple gas for a moment, we introduce the following 
changes into (4):— 

Write E — \mc- 

E = i Sm ? 1 
r/E — me . tie 


and we obtain ufter a few steps— 



_ 17 __ 

32ir a E 3 


. Ei. e-^l 2> tiE 


as the number of molecules with kinetic energies between E and 
E + IK at an instant. 
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We may avail purselves of (8) and obtain instead of this expression 
the* following* one :— 

2 M 

t-- - . El . ,-r*'T .,/E 

ir/’ 3 T J . 

as the number of molecules limited in the manner mentioned. 

Now it can be shown that for a gas mixture consisting of Nj mole¬ 
cules of type 1, N« molecules of type 2, etc., in a steady state, and 
therefore with tt^ same mean energy of motion (i.c. the same tempera¬ 
ture) thtoughout, the number of molecules of type 1, of type 2, etc., 
within the defined limits of kinetic enetgy are given by expression (9), 
with N replaced by etc., in succession, briefly, the distribution 

of kinetic energy ignores differences in molecular mass. 

Hitherto we have considered the gas to be free from all external 
forces such as gravity, and subject only to the forces arising from collision 
with each other or with the comparatively fixed molecules in the solid 
walls ol tlie containing vessel. If we introduce external foices of a 
conservative type the previous formula: must be modified as follows:— 

Denote the co-ordinates of a point in the gas as X, Y, Z; the poten¬ 
tial energy of a molecule m of the gas at this point is a function of 
, X, V, Z ; call it ^XYZ or simply 

We no longer have a uniform density of distributirfti in position for 
the molecules. The density, in fact, diminishes as we move to places 
of greater potential energy. A good illustration of this is the progres¬ 
sive deciease in the density of the atmosphere as the altitude increases. 
Jt can be shown that the molecular density is proportional to— 

c ~ x/* r . 

Hence, the number of molecules in an element of volume dx, dy\ dz at 
the point XYZ is— 

# tie — )f ,hr d.xdydz, 

where n is a constant. As a matter of fact n is the molecular density 
in a small volume surrounding a point where the potential energy, is 
zero. 

The distribution in kinetic energy of the molecules in this element 
of volume is just as before. Hence we can write in full— * 

2 // 

. . dxdydz . . . (10) 

as the number of molecules in an element of volume dmdydz , where the 
potential energy of a molecule is ar.d whose kinetic energies lie be¬ 
tween E and E + dK. • 

The extension of this result to the case of a gaseous mixture is easily 
given. Let the potential energies’of each type of molecule in the ex¬ 
ternal field of force at the point XYZ be Xi> Xs> e t°- > then the 
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numbers of each type of molecule in the volume element dxdydz t at 
this point limited as in (io), are— 


2 n x 

2 t/j 

and so on. 

Here n, 2 are the molecular densities of each type of molecule 
around a point where the potential energy is zero. ^ 

The formulae developed hitherto have postulated implicitly an 
absence of intermolecular forces, except sucll as arise in a collision 
between molecules, an event which, though absolutely very frequent 
for a molecule, is relatively rare, since the time which a molecule spends 
in its free paths is very much larger than the time spent in collisions. 
When we introduce intermolecular forces, i.e. when we approach the 
liquid or solid state, the formula: become more complex, and as they 
are not required in the text of the chapter to which this appendix refers, 
may be laid aside. 

A more important case for our purpose is the case of a gas whose 
molecules can no longer be considered as simple rigid bodies, but for 
which an atomic and even a sub-atomic structure must be postulated. 
It would take us too far afield to treat the formulae for this case in all 
their generality, but we can deal with a few statements of service later. 

As before, we take the number of molecules as N, and consider that 
the general position of each molecule is given by the three Cartesian 
co-ordinates of its centre of mass. Besides these three co-ordinates there 
are other geometrical quantities (or co-ordinatcjs in a more general sense) 
necessary to define the structure of a molecule. These internal co-or¬ 
dinates can be most readily thought of as the least number of lengths 
and angles necessary to specify the position o£ every distinct and con¬ 
ceivably separate part of the molecule with regard to its centre of mass. 
The number of these co-ordinates constitute the internal “ degrees of 
freedom ” of the molecule. Suppose there are n of them, the necessary 
n co-ordinates being denoted by the letters— . 


Jtt&T 3 


E 4 . Vk'dEdxdydz 

K 4 . e-<« ^V^dE(L\d\dz 


• (it) 


• • • • 4n- 

The rates of change of these co-ordinates as the molecular parts move 
relatively to one another are referred to as “ components of velocity ” 
or simply “ velocities,” each corresponding to a definite degree of 

freedom. Writing <} for d<jjdt , these velocities are— 

« 

» • • 

^l! l-i • • * <ln' 

As the parts of the molecule act on each other by means of inter¬ 
atomic and intra-atomic forces (of electric origin), the molecule pos¬ 
sesses a certain amount of internal potential energy, as well as a certain 
amount of internal kinetic ««ergy due to the motions of the parts rela* 
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live to the centre qf the mass This kinetic energy can be expressed 
as a*quadratic function of the velocities^ q n The case which 
has been most extensively treated, and which is very amenable to 
mathematical analysis, permits of the potential energy also being ex¬ 
pressed as a quadiatic function of‘the c o ordinates q x q n This 

assumption is possible when wc have to deal with the small oscillations 
t>f the various parts about positions of relative equilibrium, or about 
states of, steady relative motion, and the^c conditions h ive thiown a 
great deal of light eg on the radiating mechanisms of molecules It 
is possibk with this assumption so to choose the eo ordinates that the 
totd internal energy, kinetic ami potcntnl, involves only squires of the 
co-ordinates and veloe itil^, so that wc cm write the total internal energy 
« as— 

« = 'V/7 + + a Jn + t- K'ln\ 

where a„, />, b n arc constants 

In this manner and under the conditions laid down wc can, as it 
were, partition the tnergy among the various degrees of fiecclom, a x qf 
being, for c xamplc, the kinetic energy “belonging to ” the first degree of 
freedom, and /yy," the potential energy belonging to the same degree of 
freedom, and so on I here is in addition, of course, the kinetic energy 
"of translation of the molecule as a whole, viz -fc \tny 2 + £ mz*, 

which we will write as k. involving three more degrees of freedom, with 
the energy as before partitioned between the three degrees 

Wc can now state some results of the application of statistical 
mechanics to a system of such molecules It must be understood, 
however, that these results rest on the validity of the classical dyna¬ 
mics Of late these results have been impugned by Planck and others, 
and the foundations of dynamics are undergoing a revision It will, 
however, enable the readtr to grasp the modifications proposed if he 
masters the following few statements and accepts their truth at all 
events provisionally 0 

As the molecule moves about and its parts oscillate with legard to 
each other, its energy changes, not only in toto but also in its several 
terms It can be shown, however, that the mean energy, kinetic or 
potential, belonging to any co-ordinate, averaged over a considerable 
period of the molec ule’s history, is the same for all the degrees of free¬ 
dom and is equal to ]AL That is— 

}mx 2 = \my 2 = = a y q f = a,q y 5 — => b x q x l = bqr// =» - -££T. 

This is a statement of the famous theorem due to Maxwell and usually 
referred to as the “ equipartition of the energy among tfie various de¬ 
grees of freedom ” 

Further, it can be shown, as before*that the number of molecules 
which have velocities between uvw (t e xyz) and u + du, v + dv , 
ft) + dw is— 

A N e ~ K /* T dudvdtv (i a) 


where A is a constant 
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.Qf this limited number a still more limited nupnber exists at one 
instant whose several total internal energies, kinetic and potential, lie 
between < and «■ + dt. 

This latter number forms a fraction of the former whose value is— 

Be" — V ~ e l kT df . . . (r 3) 

where B is a constant. . 

Combining the two expressions, we have the number whose internal 
energies lie between e and t + dc, and whose general velocities bf trans¬ 
lation lie between tww and u + du, v + dr, 7v + d?v, ms — 

C . N . e w — 1 . e ~~+■ u )l k, dedi/d7>d7i> . (14) 

where C is a constant. ' 

As an important particular case, expression (13) reduces for one 
internal degree of iieedom to— 

Be ~ e i k 'dc . . . . (15) 

Equation (15) fmms the basis of the expression of Marcclin and 
Rice for the late of decomposition of a molecule referred'to in Chapter 
Vil. under the heading “Reaction velocity fiom the standpoint of the 
quantum theory The expression for the velocity constant on the 
basis of statistical mechanics is given bj Rice ( Brit . Ass. Report, 1915,* 
p. 397, and Pint. JAr-.,■ 1923). 
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(From the Transactions of the Faraday Society , xi., p. i, 1915 ) 


During the nineteenth century certain facts had been well established 
concerning the radiation contained in an enclosure maintained at ('(in¬ 
stant temperature. Balfour Stewart and KirchhofT had shown that if 
the material of the walls was not perfectly reflecting for any quality of 
radiation, any constituent of the radiation having a definite fiequeney 
was present in an amount depending on that frequency, the temperature 
and si/.e of the enclosure, but independent of the nature of the wall- 
material. Stefan and Boltzmann had proved that the energy of the 
total radiation in one c.c. was proportional to the fourth power of the 
absolute temperature. Wien had reached the conclusion that the 
energy-density of those constituents of the radiation, whose wave-lengths 

lay between narrow limits A and A + ^A, was ^—^SA, where the 

A ’ 1 


function / in the numerator, although undetermined in form, was de¬ 
pendent on the single variable AT, the product of the wave-length and 
the absolute temperature. These statements had been anived at by 
reasoning of a purely thermodynamic nature, based on the existence 
of a radiation pressure. It was only natural that the statistical methods, 
already employed as a successful weapon of attack on problems arising 
out of the kinetic theory of gases, should be presently pressed into ser¬ 
vice in this new line of research. There is some resemblance between 
a vessel containing molecules, individually uncontrollable but iiain- 
taining a certain average condition of energy by encounters, and an 
enclosure maintaining a statistically permanent condition of radiation 
by the emission and absorption of its walls, while the history of any 
particular wave-train of definite frequency cannot be followed in detail. 
There is one marked difference between the tw r o cases: molecules can, 
by direct encounter with each other, as well as by collision with the 
,walls, exchange energy; but in a temperature enclosure passage of 
t ei)ergy from one wave-train to another must take place through the 
agency of the walls alone or of matter contained within them, since two 
$uch trains can pass through the same element of volume (/.<?. cross one 
^nether without any change in the energy or quality of the trains). For 

3*3 ' 
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th^ reason, if the walls are perfectly reflecting, any arbitrary condition 
Of radiation supposed existing at one moment would remain permanently 
unaffected in the energy and quality of its constituents, and only by the 
introduction of a piece of non-reflecting matter into the enclosure could 
the radiation he gradually brought'to the condition of “ full ” or “com- ‘ 
plete ” radiation for the temperature, the condition considered by Balfour 
Stewart and Kirchhoff. • , 

Wien, himself, had made an attempt to determine the ftyrm Of the 
function in the numerator of his so-called displacement formula. 1 He 
considered the enclosure to contain a perfectly absorbing «r “ black w 
body, which he assumed to be a gas with its molecules distributed ac¬ 
cording to the Maxwell Law, and its temperature therefore proportional 
to the mean-squared velocity. A further hypothesis (a very doubtful 
one) was the assumption that those molecules whose velocities lie withih 
certain narrow limits at a definite instant are at that instant emitting 
light within narrow frequency limits, with an intensity proportional to 
the number of those molecules. By these means Wien arrived at the 


form c lA for his function /(AT), c being a constant. Measurements 
carried out shortly after by Lunimer and Pringsheim, Beckmann, and 
Rubens verified the formula as a good representation of the facts for 
short wave-lengths, but found it completely at variance with the faefs 
for long wave-lengths. 

It was by the application of statistical principles in another direction 
that the next advance towards a correct radiation formula was made. 
Wien had considered the molecules of the black body. Lord Rayleigh, 
and afterwards Jeans, considered the radiation itself, assigned co-ordin¬ 
ates to it and “degrees of freedom,” and applied the results of Max¬ 
well’s distribution law directly to these concepts. Such applications 
are certainly rather easier to apprehend “physically ” in the case of gas 
molecules than in that of constituent wave-trains of radiation ; there is 
more “substantiality ” about a molecule thac a wave-train. The repre¬ 
sentation of a molecule as a small, hard sphere with perfect resilience, 
which is quite adequate for many purposes, and analogies with billiard- 
balls, discs, etc., put one on fairly familiar terms with molecular motion 
and exchange of energy. The degrees of freedom of such simple systems 
are easily calculable, being in fact six for a “ rigid ” molecule of any 
shape. Even if we introduce atomic structure into the molecules, the 
degrees can still be computed if one knows the parts and their connec¬ 
tions. The energy of the system at a given temperature is then obtained 
by the principle of equipartition, which is derived from the law of dis¬ 
tribution, and asserts that the kinetic energy can be calculated by 
assigning to ditch degree of freedom an amount ■JXT ergs, where k is the 
molecular gas constant (i'35 x io —10 ergs/degrees), an equal amount 
of potential energy being also'assigned to any degree of freedom, if there 
are “ elastic ” forces of the usual simple harmonic type. 
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;:f If such ideas are tg be generalised and extended to the ether of m\ 
enclosure, a definite notion as to the structure of the ether is imperative 
before any headway can be made in calculating its degrees of freedom. 

the outset it is' fairly evident that the usual conception of the ether 
as a perfectly continuous medium indivisible into an enumerable number 
of discrete parts, should lead to an infinite number of degrees of freedom, 
with the resulting conclusion that in a state of equilibrium the ether in 
the enclosuj-e should contain all the energy and the walls none. The 
well-known illustration of the gradual loss of vibratory energy from the 
particles of a sounding body to the surrounding air may serve to make 
this point clearer. This conclusion is in fact reached by the Rayleigh- 
Jeans analysis, and is very l%uch at variance with the facts as we know 
them. The formula arrived at, however, is a close approximation to 
the truth for long wave-lengths, and the calculation of the number of 
degrees of freedom has proved of signal service in itself. It is impos¬ 
sible to reproduce the analysis here, but an analogy from sound waves 
may serve to show the principles on which it is based. It is well known 
that an organ-pipe will resound only to notes of definite frequencies, the 
fundamental and its overtones. This is due to the fact that any state 
of “stationary ” wave-motion which will persist in the air of the pipe has 
to^satisfy certain end conditions— e.g. at a closed end there can be no 
vibratory motion of the air particles, at an open end no change of pres¬ 
sure. Any text-book on sound shows that from these conditions there 
can exist in a very narrow pipe, closed at both ends or open at both 

2 / 2/ 2/ 

ends, only waves whose wave-lengths are 2/, —, etc., where 

2 ^ 


n 


l is the length of the pipe. The ftequencies are, of course, 


v 


V 


V 


ft 


V 

2r 


2 r 2 r 

etc., where v is the velocity of sound. Now if we write 


v for « y, we see that the nujfiber of possible modes of vibration whose 

2/ 

frequencies are not greater than v is n = - . v. Remembering that 

this is the result for a narrow pipe in which the wave-motion is parallel 
to one direction, let us extend the method to a flat shallow box, enclosed 
between two square ends so that the wave-motion takes place in any 
direction lying in one of the ends. The number of modes of vibration 
^having v as the upper limit of their frequencies would now be propor- 

tional to f - . v) , a result not difficult to apprehend, since we can in a 

rough sort of way suppose that with anj one type of ^ave-motion 
parallel to one edge of the flat ends, we can compound any of the types 
which can exist parallel to the rectangular hdges so as to obtain a pos- 
,fiible wave-train travelling obliquely round and round the box, reflected 
.)• Continuously from the narrow long faces which also bound the box. If 
';%e still further extend these considerations to a cubical box, the number 
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of possible modes come out to be proportional to e — . vj , i.e. to 8^ . v *, 

r is the volume of the box. A differentiation shows that the number of 
possible modes which lie between nariow limits of frequency v and 

y 

v + 8v, is 24 As a matter of fact a complete analysis shows 

that the numerical factor should be 4ir and not 24. Now the point'of 
tin’s analogy lies in the fact that whatever be the natuie ofm beam of 
radiant energy, a certain definite condition lias to be obeyed at a per¬ 
fectly reflecting surface—on the electro-magnetic theory tlft tangential 
component of the electric intensity in the wave must be zero there—and 
this condition limits the number of types of^adiation wave-trains which 
can persist unchanged as stationary waves in an enclosure with reflecting 
walls. Consequently, if we intioduce a small portion of perfectly ab¬ 
sorbing matter into a cube with perfectly reflecting walls, we can assert 
that, despite the fact that the matter can radiate and absorb any type of 
radiation, only those types will exist in the final state of equilibrium 
which satis!) the boundary conditions referied to above, just as our box 
organ-pipe would not lesound to every small whistle introduced into it, 
but only to a whistle having one of a definite series of pitches. These 
types of radiation will constitute complete radiation at the temperature, 
since expeluTient has ceitainly justified Kirchhoff’s conclusion that the 
frequencies and energies of the constituents of radiation in a temperature 
enclosure are independent of the size or nature 01 shape of the walls, so 
long as there is present a portion of non-perfectly reflecting matter. 
The number of types of radiation, therefoie, which exist in full radiation, 
having lrequencies between the narrow limits v and v + 8c, would ap¬ 


pear to be 4 tt 


. v’-’iSv, wheie c is the velocity of light ; but, as a matter 


of fact, this number has to be doubled, since radiation waves are trans¬ 
verse to the direction of propagation (not longitudinal to it, as in the 
case oi sound waves), and therefore any particular wave has to be 
regarded as due to the composition of two waves of the same period and 
phase, each polaiised in one of two definite rectangular planes. So the 

final lesult for the number is -^-v 2 8r. This means that in order to 


specify the electro-magnetic condition (electric and magnetic intensities) 
at any assigned point in the ether of the box, at any assigned instant, 


expressions involving a number ^ v-8r of terms each varying harmoni¬ 
cally with the time would be required to designate that part of the effect due 
to waves of frequencies in the range v, v + 8c. This number is in fact the 
number of independent co-ordinates or degrees of freedom for such quali¬ 
ties of radiation. AseribingHhe usual XT units of kinetic and potential 
energy to each degree, we obtain fpr the energy of radiation in the range 


y, i' + 8r, the amount 


Sttt 


XTv 2 .8 


v 


ergs, or for the energy-density, 



* A -*■ Jl 4 V 
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^-£Tv?. Sr ergs per c*z. In terms of wave-lengths we obtain by piJt- 

c c 

ting v — - and < 5 v = - '„8A, that the energy-density of radiation 
A A" 

* g 

whose wave-lengths lie in the uinge A, A + 8A is ^ 8A ergs per 
c.c. 1 . 

It is arf obvious drawback to the Rayleigh-Jeans expression that it 
does not approach a finite limit, as A decreases to zero. In fact, the 
ether woula appear to contain an infinite amount of eneigy per e.c. 
since— 


/ 


d\ 

A* 


is certainly infinite. 

We might evade this objection by observing that exchange of energy 
from one type to another must be effected by the material of the en¬ 
closure (as was pointed out above), and that we might reasonably sup¬ 
pose the radiating mechanisms in the atoms to be of such a nature that 
they could not emit radiation of a quality higher than a certain limiting 
frSquency, and so the upper limit of the integral would be a finite 
quantity and not zero, llut this would not meet the difficulty that for 
the same amount of range in wave-lengths 8A, there is a greater contri¬ 
bution to the energy density fioni high-grade qualities than fiom low- 
grade, according to the Rayleigh-Jeans formula; whereas experiment 
shows that the factor of 8A exhibits a maximum value for a certain wave¬ 
length A m (dependent on temperature), and approaches zero as a limit 
as A appioaches zero or infinity. 

It lias been suggested that the tendency, expressed in the Rayleigh- 
Jeans Law, of the radiation energy to pass more and more into the higher 
qualities, is in reality a true phenomenon of nature, and that we fail to 
appreciate it in our experimental tests because all temperature enclosures 
fail to confine the energy of the highest frequencies ; such energy leaks 
out, as it were, through the walls and through the small opening facing 
the radiometer, almost as fast as it is supplied from low-frequency radia¬ 
tion by the agency of the w r alls ; and so the condition we actually ob¬ 
serve is a compromise—a stage on the way to the final consummation 
expressed in the ideal formula, but unattainable except after an enormous 
lapse of time. The difficulty of accepting this suggestion is the difficulty 
of believing that such a compromise should be found to be so com¬ 
pletely independent* of the nature of the walls as experiment demon¬ 
strates. The formula, however, does agree with fact veryHvell for long 
wave-lengths, just as Wien’s does for shoit. 

Faced with this discrepancy, there are tw'o alternatives which offer 
themselves as obvious methods of escape from it. We may deny the 

1 Phil . Mag ., 49, 539, 1900 ; 10, 91, 1905 ; 17, 229,1909. Nature , J 2 , p. 94 and 
p. 243, 1905. 
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yalidity of the calculation of the degrees c f freedom, or we may urge 

objections to the law of equipartition of the energy. ' As a matter of 
fact, Planck’s quantum hypothesis arises from his adoption of the second 
alternative, and a denial of the validity of equipartition in the case of 
vibratory motion. The principle of equipartition was first deduced in 
connection with the kinetic theory of gases. Now even in this original 
and limited sphere the principle does not stand on absolutely undebatable ‘ 
foundations. A great deal depends on the interpretation of tjie meaning 
to be attributed to the word “ average It is usually assumed that the 
average condition, say, of a molecule, is a “ time ” average k the sum of 
successive values of a quantity connected with the molecule, over a long 
period of change in the system, divided by/.he number of such values. 

But it is doubtful if the principle of equipartition based on such an 
interpretation of the word “ average ” is really proved af all by dynamical 
principles. The point is fully treated by Jeans in his Dynamical Theory 
of Gases. It would appear that the “ average ” really referred to is an 
average extended over all conceivable conditions or “ complexions ” of 
a system (excepting a negligible number) and not merely over such condi¬ 
tions or “ complexions ” through which the system passes on any 
particular “path ”. The extension to “time ” average cannot be made 
unless by the introduction of Maxwell’s assumption of “continuity of 
path,” viz. tjjat the system will in process of time pass through all con¬ 
ceivable “ complexions ”. This assumption is of doubtful validity, and 
is known to be unsound in certain of the problems treated in general 
dynamics, e.g. the periodic orbits of astronomy (a type of vibratory 
motion). 

To pioceed, Planck, denying the applicability of equipartition to 
radiation theory, works out from special considerations (to be dealt 
with presently) that in the vibratory motion obtaining in wave-trains, 
each degree of freedom corresponding to a frequency v should possess 
on the average not £T ergs of kinetic and potential energy, but an 
amount— 

hv 

-*?- er £ s 

ekr — x 

(where h is a new universal constant, determined by experiment to be 
approximately 6*55 x io -a7 ). If we make use of the Rayleigh -Jeans 
calculation of the degrees of freedom, we find that the energy density ^ 
of the radiation in the range v, v + 81/ is— 

8 a- hi* 

TaT “ST— • 8v P er C.C., 
gHi — I 

or in terms of wave-lengths-1- 

&irch I r. 

--• SA ergs per c.c. 

gkXr _ j 
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These expression^ ag^e remarkably well with the most recqpt 
measurements for all values of v or X, enabling the calculation of h to 
' be made with some precision. 1 

It is only natural that, in adopting a more or less revolutionary 
attitude to a principle hitherto enjoying the confidence of the scientific 
world, Planck and his followers should have modified somewhat the 
original presentation of their ideas to meet the various criticisms urged 
by thbse ^vho seek to retain the traditionul standpoint. It is well 
known that Planck himself has receded somewhat from the position 
adopted in»his earlier papers on the subject. This position is fully 
expounded in the first (1906) edition of his book, Theorie der 
Warmestrahlung (Leipzig,^Barth); the latter form of his theory is 
contained in Deufsch. Phys. Gesell. Ver., 13 , 3, 138, 1911, or in the 
second (1913) edition of the above book. Einstein’s speculations and 
applications are to be found in various papers in the Annalen der 
Physik from 1905 onwards. 

It is impossible to reproduce the whole of Planck’s line of argument 
here, but the following brief account will bring out the essentially novel 
principle introduced by him, and serve also to show to some extent 
why and how he receded from the earlier to the later position. 

He remarks that any radiating mechanism of frequency v, placed in 
a temperature enclosure, will acquire an average energy depending on 
the energy-density of the radiation of that frequency in the enclosure. 
The radiating mechanism of which he avails himself is an electric 
doubtlet, consisting of an electrified particle vibrating harmonically 
under the attraction of an oppositely electrified nucleus to which it is 
held by a force of the usual elastic, proportional-to-the-displaeement 
type. In the enclosure there exist a great number N of these doublets 
or “oscillators," having their axis fixed in a certain direction, t.e. 
endowed with one degree of freedom. By an application of the usual 
equations of the electro-magnetic field, he shows that— 


8 7 TP 

UM L(v) 


(*) 


where L(v) is the mean energy (kinetic and potential) of an oscillator 
and U(v). is the energy-density of the radiation in range v to v + 8 v. 
Of course if we put L(v) equal to k'V, as usual, we would arrive as 
before at the Rayleigh-Jeans Law. Planck, however, avoids this by 
assuming that his oscillators can only emit and absorb diseontinuously, 
and that at any instant the energy of an oscillator can only be an 
integral multiple of*a finite unit or “quantum” of energy, the amount 
Of the unit depending on the frequency. It is to be carefully noted 
that this does not imply, of necessity, an atomic structure for energy— 
a view, indeed, repudiated by Planck; it does imply that the oscillator 
must emit or absorb whole quanta of radiation at one time (at present, 
it noted, we are discussing Planck’s earlier views). Now such an 

V f" 1 La Thiorie du Rayonnement (Gauthier-Villara, 1912), pp, 78-92, 
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assumption necessarily involves a modification of Maxwell’s distribution 
law, for that law depends on the possibility of the infinite divisability 
of the energy among the oscillators, atoms, molecules, and so forth. 
The point is more easily followed with aid of a “condition-diagram”. 
Suppose we denote the charges of the doublets as ±e , the mass of the 
vibrating particle as tn, and x as its displacement along its axis at time /, 
then the equation of its “ free ” motion is— * 

• • . 

X + 4rr v~ . X = o ' 

.1 1 

or mx + 4rr“i / ‘. mx — o, « 

where v is the frequency. If X is the ^f.solved component of the 
electric intensity of the field along x at time /, the equation of its 
forced motion is— 

mx + 471-Vw.v = eX (2) 

If we denote the energy of the particle by t- 

MX~ + 4 A ’ 2 = 2 c, 


or denoting its momentum by y( = mx)— 


V“ 


+ 47rV~W .a 2 = 2c 


( 3 ) 


Now the condition of any oscillator as regards the displacement and 
momentum of its \ ibrating paiticle can be cleaily represented on a plane 
diagram by a point with co-ordinates a and y. All those oscillators 
whose energy is c have their represenlive points lying on the ellipse— 


a* 

<7- 



h 


where 

and 


2 7r“r“. m' 


lr = 2t.ni. 


The area ol this ellipse is of course irafi, i.c. *■ 

v 

‘The history of any oscillator can be represented by the motion of 
a point on this diagram, travelling along a curve, passing outward from 
the oiigin when the energy of the oscillator is increasing, and inwards 
W'hen the energy is decreasing. Maxwell’s Law states that the number 
of oscillators whose displacements and momenta lit between the limits 
x, y, and x «.• &v, y + fry is— 

r 

A . e~ kr dxdy (A being a constant). 

» 

If we integrate this over the narrow ring in the diagram between 
two ellipses determined by values of \he energy, e and c -f $«, we have 
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for the number of oscullatil's whose energies lie between e and c + 8»,«fhe 
expression— * 

, e 

Ae ~ * T Sc/v. 


Of course, on the assumption of infinite divisability of the energy, the 
total number of oscillators, N, should be— 



e ~ hrdt. 


But the essence of Planck’s idea is that this integral should be replaced 
by a convergent series, *A>r, according to his ideas, the representative 
points can only be founa on the ellipses coriesponding to energies 
« y , e„, etc., where e, is the quantum of energy and e n =* //. ; 

they will lie nowhere between these ellipses. The points will, as it were, 
jump from ellipse to ellipse. The areas of these ellipses are of course— 


1 € 'l c i c i e i 

\ -, etc., or \ 2 \ 3 \ etc., 


V V V 


and the various rings between them have all a common area. It is a 
feature of Planck’s theory that he gives this area a constant value for 
aft oscillators of any period, and denotes it by the letter “f&,” so that— 

«i = hv, 
t-z *= 2 hv, 

' c :i ~ $hv, etc. 

The integral expression N above must now be replaced by the 
series— 


N = 


A 

V 

A 

v 

Ah 


o 




tj + e-k t(e 2 - €] ) -f c-At(e ;i - e 3 ) + etc 


hv ih v 

hv + c ~kthf + e~ ki hv -f 


■•1 




hv 2 hv 

i + + r + 


• • • 


= A A— 


• ( 4 ) 


i — e"k r 


If we now wish to calculate the total energy E, we see that the oscil¬ 
lators corresponding to the first term of the above series have no energy, 
those corresponding 'to the second have each hv, those to the third have 
each 2hv, and so on. Hence we have— * 

r hv ihv jhv -j 

e~fihv + e-krihv + '~~kr$hv + . . . 

h*r~ hv* *hv “1 

i -f 2e~ki + T,e~'kT + . i . I 
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h l A h*v n 

= e hr - , — 

/ hi \ 2 
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hv 



I — e~kr 



N hv 

hv 


• ( 5 ) 

hi 

e — 1 
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By equation (i) it follows that — 


U(v) = 


8?r 

c s 



( 7 ) 


an equation which agrees well with observed lesults, if, as has already 
been noted, h is put equal to 6-55 x 10 - * 7 , It should be evident now 
that Planck escapes from the Raylejgh-Jeans conclusion entirely f>y 
his hypothesis of discontinuity in the exchanges of energy between the 
oscillators and the medium. Hud he assumed that t u e,, - c 3 — f. 2 , 
etc., are infinitesimally small, he would have found for L(i) in (6) the 
limit of the right-hand expression as hv approaches zero, which is just 
AT, and so have arrived back at eqmpartition and the previous dis¬ 
crepancy. His essentid point is, in fact, the assumption that h is 
finite, i.c. that the “ elementary region of the condition diagram ” has 
a finite size. 80 that in a sense Planck's theory is more an innovation 
in the method of probabilities, and need not be confined to radiation 
problems. This point will be touched on l. tei. 

Two obvious criticisms of this first line of argument have been 
advanced. First, equation (1) is obtained by an application of electro¬ 
magnetic equations which rest on the assumption of a continuous ex¬ 
change of energy between oscillators and medium. But as Campbell 
in liis Modern Electrical Theory (and edition) points out, this may not 
be a fatal flaw in the reasoning. Maxwell’s equations may be quite 
true for aveiagc values of the electric and magnetic quantities involved 
without implying their absolute validity at all instants 111 the immediate 
neighbourhood of one oscillator, and so equation (1) might still stand as 
an equality of average values, even though the discontinuity assumed by 
Planck existed for individual doublets and their near environment. It 
should be noted, however, in passing, that at a high temperature, say 
2000° C. the quantum of Energy for high-grade light of the order 
v = io Ul is 30 times as large as the average energy of an oscillator in 
these conditions. 

The second objection is that to produce, the enormously great 
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number of qualities^whic'l are known to exist in complete radiatioiVwe 
should have to postulate the existence of a very great number of oscil¬ 
lators of different frequencies. Now, all the evidence which we possess 
on the nature "of atomic structure negatives such a view, nor is there 
any real evidence that any vibrating electron in an atom emits simple 
harmonic waves at all. Indeed, one of the outstanding difficulties of 
Ihe Planck theory is just this difficulty of formulating a plausible, 
physical [lasis foi it. 

There is a fqjther difficulty awaiting us when we seek to apply the 
notion of* discontinuous absorption to the phenomena of ejection of 
electrons from the surfaces of bodies on which is incident a beam of 
ultra-violet light (the pl**to-electric effect), or a pencil of X-rays. All 
the evidence favours the view that a definite amount of energy has to be 
at least lesident in the electron before it can be ejected. J11 the normal 
photo-electne effect the energy of the electron after escape is found to 
have a maximum value h'v - 7C, where v is the frequency of the incident 
light, // a constant whose value agrees failly closely with Planck’s //, 
and 7 e> is a constant c haracteristic of the metal from which the electrons 
are escaping. A quite plausible hypothesis is that h'v represents the 
amount of energy in the electron before its escape ; of this it loses an 
amount w in leaving the atom against restraining forces, which depend 
on the particular structure of the atom ; and so, if it is tin the surface 
and has not to part with still more energy in escaping from the influence 
of neighbouring atoms, it would retain an amount h'v - 7v after emer¬ 
gence Now' this appears to fit very well indeed with Planck’s original 
assumption of the discontinuous and sudden absorption of a quantum 
hv, which, if v is large enough, would supply the necessary energy for 
the escape of the electron from those atoms which the laws of chance 
brought at any definite instant into the suitable condition for absorption. 
But there seems to be this fatal objection to such a simple hypothesis, 
that the photo-electric effect has been observed 7vfhout any delay in 
cases where the intensity* of the light, as calculated by the inverse 
square law and on the assumption of continuous propagation through 
the ether, could not have possibly supplied the necessary quantum to an 
electron in a molecule or atom in less than 10 or 15 minutes. Similar 
difficulties arise in connection with the secondary / 3 -rays caused by 
X-rays, if one considers the energy of the X-ray pulse as uniformly 
distributed throughout the pulse. In fact, if one adheres to the 
hypothesis of discontinuous absorption, one must admit that the energy 
of any beam of radiation is not uniformly diffused throughout the space 
occupied by the begm. This is, indeed, roughly the manner in which 
Einstein escapes from the difficulties. He has advanced the view that 
the energy of light is itself atomic in structure, and absorption and 
emission are of necessity discontinuous, ^ not because of the special 
structure of the oscillators, etc., but because of the nature of light itself. 
His view is, in reality, a quantum of energy view r ; it has already been 
observed that Planck’s is not necessarily so ; indeed, Planck dissociates 
himself at present from so revolutionary a hypothesis. It is noteworthy 
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thal* J. J. Thomson had already been led Jo speculations somewhat 
similar to Einstein’s, by considerations based on his ‘hypothesis of 
Faradayi tubes in the ether emanating from charged particles. 1 It 
should be noted that Thomson’s view of a “ filamental ’’ structure in the 
ether might well be expected to le*ad to a different result for energy- 
density than that reached by Rayleigh and Jeans; for their calculation 
of the degrees of freedom in the ether, it will be recalled, depends or! 
taking the ether as a perfectly continuous medium. Such a view would 
indeed be more like the adoption of the first of the alternatives referred 
to previously as methods of escape from the Raleigh-Jeans discrepancy. 
In reference to such views, it must be admitted that, however useful 
they may be for the immediate purpose of or'jrcoming such difficulties 
as those connected with the photo-electric effect, and X-rays, and how¬ 
ever well they suit the needs of radiation formulae, they involve a return 
to the corpuscular theory of light, a raising of all the old difficulties of 
accounting for diffraction and interference on such a theory, and at 
present they lack a system of fundamental postulates, such as those on 
which stands the present edifice of dynamics and electro-dynamics. Of 
course, there is no gainsaying that the construction of such a system 
may be attempted and may be successfully carried out, and Newtonian 
dynamics placed in the position of a good approximation to truth, bqt 
without absolilte validity. 

As has been already suggested, Planck meets these difficulties in a 
less revolutionary fashion ; he abandons the hypothesis of discontinuous 
absorption, retaining discontinuous emission. By so doing he meets fairly 
successfully (though not entirely, as I hope to show presently) the ob¬ 
jection lodged against his method of obtaining equation (i). His new 
hypothesis concerning his oscillators is that they can emit only at definite 
instants, viz. when they contain an integral number of quanta, hv. If 
they contain any fraction of a quantum over an integral number they 
cannot radiate. When radiation does take place it is “ catastrophic,” 
i.e. it cannot cease until the whole energy* 1 of the oscillator has been 
lost. The particular number of quanta possessed by an oscillator when it 
radiates are determined by the laws of chance, the chance of its reaching 
a given number being less the greater the number and the smaller the 
radiation-density. In fact, Planck’s new line is based on three 
postulates :— 

(a) In any finite time the total emission equals the total absorption. 

(fi) For small frequencies (i.e. long wave-lengths), the quanta of 
energy are so small that emission is practically continuous, and the 
ordinary dynamical and electro-dynamical laws are a good approximation 
to the facts qven for individual oscillators and their immediate neigh¬ 
bourhood. 

( c) The chance of a particular oscillator emitting when arriving at a 
** critical ” state (i.e. containing an integral number of quanta) is less 
the stronger the field. In particular, the chance of no emission taking. 

1 Electricity and Matter (Constable, 1904). Phil. Mag., 19, 301, igio. 
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place to the chance of aa emission is a ratio proportional to the r|dia- 
tion-density. • * » 

Concerning these (a) is clearly a statement of fact in a state of 
equilibrium; (^) is a justifiable hypothesis, inasmuch as the Rayleigh- 
Jeans formula is suitable for experiments on long wave-lengths. As 
regards (r), the first part of it is plausible enough, but the particular 
•statement of it in the second sentence appears to be an a posteriori 
assumption, based on the necessity of arriving at a formula (already 
experimentally proven) by the method employed. 

To proceed to a brief outline of his new analysis, Planck replaces 
equation (1) by another, giving the rate of absorption of an individual 
oscillator in a field of gi^gn radiation-density. With the same notation 
as befoie, he finds on the basis of equation (2) (taken to be valid for 
continuous absorption) that— 


rfL(v) 

dl 


-‘U(v) 

3 » 


( 8 ) 


As the right-hand expression is clearly positive, the equation refers to 
an increase of the oscillator energy, i.e. absorption. 

Adopting the same geometrical representation of the condition of 
# an oscillator as before, the history of an oscillator is not represented 
now by the leaping of a point from one to another of*the “critical” 
ellipses corresponding to the energies, hv, 2 hv, 3 hv, etc. Its behaviour 
follows the continuous movement of a point from the origin outwards, 
and a jump back to the origin when the point reaches some one of the 
“critical” ellipses (the particular one being a matter of chance), the 
outward journey being once more resumed. The number of oscillators 
is as before given by— 


N - A h 


1 


1 

e —hvjk T 


( 4 ) 


but the equation (5) for Eenust be altered. The energy of any oscillator 
is no longer, at any instant, an integral number of quanta ; all amounts 
can exist, and the average energy of an oscillator whose representative 
point is known to lie in a particular ring must be taken as the mean of 
the energies corresponding to the elliptical boundaries of the ring, i.e. it 
must be an integral number of quanta plus half a quantum. Op this 
basis it is easy to show that (5) must be replaced by— 

NAy N hv 

e WkY _ j + 2 • W 

and therefore 

+ t ■ ■ • (“0 

on the average. , 

Of course we cannot apply equation (1) to this ; that has been dis¬ 
carded, and replaced by (8); but before proceeding further it may be 
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as wpll to remark that Planck’s new hypothesis? enables him to account 
for the photo-electric effect taking place without cfelay, even for tfeak 
light; for obviously there are at any instant a number of oscillators just 
within an infinitesimally small amount of energy from arrival in a 
“critical ” state, and of these a portion will radiate almost instantane¬ 
ously, or eject an electron. Thus Planck avoids Kinstein’s revolutionary 
postulate on the atomicity of energy. 

We saw above that the number of oscillator whose energy lies'be¬ 
tween c and c + is— 


and so the number whose representative points lie between the ;/th and 
the (« + i)th ellipse is A he 1 -> hv,k1 ; the number whose points are 
in the next ring aie A he (» + i)hriin That is, of all those which acquire 
an amount of energy between nhv and (;/ -t- 1)//»', the fiaetion c h, ' lkr 
pass the (« + 1 )th “critical” slate and acquire an amount of energy 
between (// + and (;/ + 2 )hv. So e~ h, ' lkr is the chance of no 

emission taking place, and therefore 1 — e is the chance that an 

emission will take place. By postulate (e) above, we have — 


* 


^ - hv hi 
j _ £» — h v, kT 


/U(v), 


where/ is a constant to be determined, 


/U(r) = 


fhvjki _ j 


(») 


therefore by equations (8) and (10)— 

d\j (r) 7TC- hv 
dt 3 m e h, 'l kl * 1 

= ’ rt Yi. w - 

3 W V 2 / 


/>hv 


( 12 ) 


Now for small values of v, r r is small and L(r) approaches the value 

O /v 1 

EY, hv being therefore negligible in comparison with L(r) ; so for small 
values of v — 


J>hv 


JL(v ) 
dt 


7 rC“ 

3 m 


L(v) . 


• ( I2 «) 


Now Hertz has shown that in this case (for here by postulate ( b ) 
the classical methods are applicable) the rate of emission of a vibrating 

‘ 8 n~v~e 2 

electric doublet is equal to the fraction of its own energy. 1 But 


Wicd. Ann., 36 . p. 12, 1889. 
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in equilibrium the rate of emission is equal to rate of absorption, there¬ 
fore Hertz’s result gK*es us%for our case— * •' 


</L(v) 8 ttVV- 


dt 


• UO. 


and so bv 


07rv“ 


or 




and therefore by (1 r) we gbtain once more- 

87t hv A 


V(v) 


Planck has thus succeeded in obtaining his radiation formula once 
more, but with the help of a rather artificial postulate (<■), and also by 
ignonng the fact that his adoption of the electro-magnetic equations 
necessarily implies a continuous radiation from his vibrating electric 
particle. Such a particle in its excursions backwaids and forwards 
iilong an ever-increasing amplitude must of necessity have a motion 
which is not uniform, but now accelerated, now retai< 4 ed, and must 
during such variations of its motion be radiating ; at least, that is the 
logical conclusion from traditional views. As a matter of fact, in a 
series of interesting papeis in the Phil. Mag., dealing with the line- 
spectra of the elements, Bohr frankly admits this point, but makes a 
most ingenious use of it, taking the first step in fact, towards a system of 
dynamics with which the behaviour of such systems as Planck’s oscillators 
would harmonised 

It is doubtful if Planck’s work would ever have received the con¬ 
sideration bestowed on it, had it not happened that an ingenious appli¬ 
cation of it bv Einstein *to the problem of specific heats initiated a 
remarkable series ot researches, theoretical and experimental, which 
showed the hypothesis of discontinuity was fruitful ol good results in 
other branches of physics and chemistry than radiation. It is well 
known that while high-grade radiation is exchanged by some mechanism 
which is sub-atomic in nature (vibrating electrons for instance^Jnfra- 
red '■ heat ” radiation is emitted and absorbed by means of the atoms 
and molecules as a whole. Einstein’s idea was that in a monatomic 
solid each atom has a definite frequency of vibration, which, he as¬ 
sumed, can be determined by optical methods (the “ residual ray ” 
method of Rubens, for instance, or dispi r.sion-formula;). If L(e) is the 
expression used previously, each atom has on the avera^k an amount of 
energy E(v) for each degree of freedon^, that is, 3L(v) altogether, on 
the basis of Planck's work, extending to “ infra-red atom ” oscillators. 

• 

1 Phil. Mag., July, September, November, 1913 ; March, 1914. Also cf. 
Chapter V. 
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Hence if there are N atoms per gram-atom in the body, the atomic 
'* » , ; 
heat of the body would be 3 NL(v) or ~hvTin~~ l ‘ ^ differentiation of 

this expression with respect to T would give the specific heat at the 
temperature T (lor constant volume). The result is— 


where x — 


hv 

AT 


C = 3 NA 


(e x - i)*’ 


If x is small, i.e. ifv is small or T la'.ge, this # expression 


approaches the value 3NX’, which is known to be 5 95 calories, and is 
indeed the Dulong-Pelit value of the atom kv specific heat. For small 
values of T, however, x is large and the above expression grows smaller 
and smaller, ultimately approaching the limit zero as T approaches zero 
or x approaches infinity. That is, there should be a gradual decrease 
to zero of the specific heat of a solid as the temperature approaches 
absolute zero. This was known to be true in a general way. Further, 

V 

as C is a function of r ^„ the curves connecting specific heat and tem¬ 


perature for various monatomic solids should be similar. In fact, for two 
solids whose atomic fiequencies are v x and r 2 , the curve for the second 
would be obtained from the curve fiom the first by maintaining the same 
ordinates (representing C) and altering all the abscissa) (representing T) 
in the ratio A series of now famous researches weie undertaken 

by Nernst and his pupils : details of the work will be found in papers 
in the Ann. der P/iys., p. 395, 1911, in the Ztitsch. fur Electrochem ., 
1911 and 191 2, in the Theorie du Rayonnement , and in Nernst’s four 
lectures delivered at University College, London, on the solid state. 
The similarity of the curves was proved, while Einstein’s actual ex¬ 
pression, although following the general course of the change in specific 
heat with the temperature, exhibited considerable numerical discrepan¬ 
cies, especially at low temperatures. Ncrhst and Lindemann pro¬ 
posed an alternative formula— 


(’ 


a ~e 

(<■* - 1 )“ 



This, although in good agreement with results, w r as a piece of lucky 
guesswork, founded on no solid theoretical basis. In a paper in the 
Ann. der Phys., 39 , p. 789, 1912, Debye attacked the problem from 
a broad standpoint, and his result, from its agreement with experiment 
and the soundness of its premises, seems to have approached finality 
in this domain. ‘ 

Debye points out that there can be no single “ characteristic ” 
vibration of the atoms of a monatomic solid. There are an enormous 
number of such vibration:.; they constitute an “ acoustic ” spectrum ; 
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they are the fundamental and overtones of the body considered as 
emitting a note. Acknowledge of the elastic constants*of the material 
is sufficient to determine them, just as Rayleigh and Jeans determined 
the frequencies* possible in a cuoical “block” of ether. For these 
vibrations constitute waves of “ sound ” travelling through the body 
with definite speeds. There are, for instance, “ distortional ” trans¬ 
verse waves travelling with a velocity and “ comprcssional ” longi¬ 
tudinal waves travelling with a velocity v.>. . v x can be calculated if one 
knows th& density p and modulus of rigidity p. ot the material; it is in 

fact v x = "yj** ; can be calculated if one knows in addition the bulk- 

modulus K— • 

- V k + ^ 

3 

p 


Now, the number of degrees of freedom for vibrations having frequen- 
cies between v and v + 8v i^., as previously, —yV“8y per unit volume for 

the transverse waves, and for the longitudinal. (N.Jl —The 

m 

factor 8rr occurs because the transverse waves are polarisable in two 
rectangular planes, the longitudinal are not.) Consequently the 
whole modes of vibration per unit volume between v and v + 8v are 

( —T. + We saw above that the similar formula developed for 

v x * ?'■/) 

the ethet by Rayleigh and Jeans suffered from the drawback that, in in¬ 
tegrating it, no finite upper limit could be assigned on account of the 
assumed continuity of the ethereal medium. In this case, however, 
there must be a finite upper limit to v because the number of degrees 
of freedom cannot exceed 3N for a gram-atom of the substance. 

Hence if r m i.-> the highest frequency possible— 


x /8 ?tt 411-T 

3N = + 

\ v x v» 

(where r is the volume of a gram-atom) 
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< SwT + 




3 7 V 


3 ¥ 


m 


IV 


m 


where F is a constant calculable from the elastic constants and density 
of the body. 

/■sN'J . * 

Since v m = Cjr J v m .is also calculable. For Al, Cu, Zn, Ag, Pb, 



330 A SYSTEM OE%PHYSICAf CHEMISTRY 

• • • 

Diamond it is of the order io 1 -’ to io 13 . Now by ascribing, according 
to fhe cxtensiorf of Planck’s work, the energ/— ' 

hv 

ghvlkT _ j 


to every degree of freedom, we obtain for the energy-content of body 
due to wave-motion of frequencies c to r + Sr — 


or 


3 *’ 

cjN 


hv A Sr_ 

e hvlitr _ j> 

//r 3 Sr 

t j “i Ai -• r r 


lienee the total energy- 


where 


yN r> hv A d\ 

” A m \ hv 

J „' l/ Vr “ 1 

yN/GTf' vVv 

]„«•» - i 

hv m hv 

x - k j., and v - //r 


A differentiation of this expression with regard to T pioduees this 
expression foi the speeifie lieat at constant volume— 



This is clearly a function of x or and therefoic suitably accounts 

for the similaiity of the specific heat curves of different solids. Further, 
the expiession agrees remarkably well with, determinations of Nernst 
and his co-workeis, more so in fact if r, rt is calculated not from the 
values of elastic constants, but from a formula discoveied by landemann, 1 
connecting r m and the melting point (taking v m as the frequency of 
vibration of an atom under the influence of its neighbours). The 
computation is not easil) carried out, for the integral m the above ex¬ 
pression cannot be evaluated in finite terms, and so one has to resort 
to the summation of series which am be obtained to suit various ranges 
of temperature as regards their convergeney. One striking result 
emerges from the calculation, viz. that at very low temperatures the 
specific heat varies as the cube of the absolute temperature , this would 
appear to be ffue to within r per cent, for the range of temperature o° 

to hVm r 

1 2 K 

Nernst has made a very happy combination of Einstein’s and 
1 Physihalischc Zeitschrift, H, 609 (1910). 
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Debye’s formulae in the treatment of diatomic solids such as KC 1 , 
NaCl,*AgCl, KBr, aftd thd^triatomic substance PbCl 2 . • He suppo^is 
the heat content of the body to be constituted of two parts, one due to 
the vibrations of *the molecules as a whole, and the othei to the vibra¬ 
tions of the atoms within the molecules. The first pait can be obtained 
by Debye’s method, taking the upper limit of the frequency as deter¬ 
mined by Lindemann’s melting-point formula ; the second part can be 
determined by Einstein’s method, the ohajacteristir frequency being 
determined by Rubens’ “residual rays’’ method. The agieement with 
observation is quife good ; details can be found in Vortrage ufar die 
Kinetische Theorie der Materie and der Elektnzital (Teubner). Still 
further extensions of Debye’s ideas have been made by Bom and 
Karma n and Thirring in papers contained in the Phys. Zcit ., T4 (1913). 

It was pointed out above that Planck’s formula is derived from an 
innovation in the treatment of statistical pioblems, the assumption, in 
fact, that the elementary region of the two-dimensional condition dia¬ 
gram for a system of oscillators is finite in aiea, and the replaci ment of 
Maxwell’s integral by a series. Planck has applied the same idea to the 
six-dimensional condition diagram for an ideal monatomic gas, and 
arrived at a result which had been already obtained by Nemsi, who 
bases his derivation of it on his well-known “heat theoiem.” 1 There 
ate several ways of wording this theorem, according to the particular 
thermodynamic function which one elects to make use oT in tin: state¬ 
ment. As expressed by Planck in his Thermodynamics , it is as follows : 
“The entropy of a condensed system, which is chemically homogeneous, 
is zero at the absolute zero of tempcratuie.” This law removes from the 
expression for the entropy of a body in a definite state that indefinite¬ 
ness in \alue which arises in the usual thermodynamic tieatment and 
which is due to the entrance into the formula of an undetermined con¬ 
stant on integrating the differential of the entropy. Koi clearly if the 
entropy of a body can be given definitely for one state, it is detei initiate 
for all other states which can be conceivably reached from the former 
by a reversible path. So if we can conceive that the body can be led. 
to the condition of a chemically homogeneous solid or liquid at absolute 
zeio, by a reversible process, Nernst’s heat theorem makes it possible to 
calculate its entropy without ambiguity, if sufficient experimental data 
are available. By such means it can be shown that the entropy of one 
gram-molecule of an ideal gas is given by the equation— • 


S = C v l\ + log T) - R log p + a . . (13) 


(absolute units of temperature, pressure, and energy being used), where 
the “chemical constant,” a, indeterminate on pure thermodynamical 
grounds, has, according to Nernst’s theorem, the value—• 



1 Nachr. d. Ges. d. Wisicnsch. zur Gottingen Math. Phys. Kl. (1906). 
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iij which p a is the vapour pressure of liquid condensed from the gas at 
a t^ery low temperature, 6, and r 0 is the hea^>f vapbrisation of the’liquid 
at absolute zero. 

Planck arrives at this result on dynamical grounds in the following 
manner. Conceiving a monatomic gas as an aggregate of particles with 
three effective degrees of freedom, and representing the co-ordinates of 
a particle by x, y, z, and its velocity components by u, v, w, the con¬ 
dition diagram is a six-dwmensional one in which the position and 
momentum of a point representing a particle are given as £, y, z , mu, 
mv, mw [m being the mass of a molecule). According to tjje Maxwell 
Law the number of molecules whose representative points lie within 
the limits x, y, z, mu, mv, mw, and x + dx . . m{iv + dw ) is— 


NAe Kt dxdydzdudvdw • (*5) 


where N is number of molecules in a gram-molecule, t the energy of 
a molecule m condition xyz, u, v, w, due to its position and velocity, 
and A is a number given by the equation— 

A ft - A t dxdydzdudvdiv 


If one puis e — + v 1 + w 2 ), it follows that— 

A -vUr)‘ 

V being the \olume of the gas 

Now, aicoidmg to Planck’s view, instead of the differential element 
of the six-dimensional diagram which occurs in (15), wt ought to intro¬ 
duce a finite element having a value G, definite m size for a sjstem of 
definite molecules The form and position of these “elementary 
regions” would, as in the two-dimensional case, be bounded by the 
“suifaces” or loci oi equal energy If we'number these regions 1, 2, 
3, . . . ti, we can say that a fraction f x of the representative points lie 
in region 1, etc.,/ n in region n, where— 

G 

, f* = ^ • e * T ' m A 

being the molecular energy corresponding to the «th region With 
this notation, it is possible to express the entiopy of the gas, as Boltz¬ 
mann has shown (see his GintJieorie, or Jean’s Dy/tamtcal Theory of 
Gases), in the form— 

v S = - *N2 f n log /„. 

Of course in Boltzmann’s treatment, as in Maxwell’s, f x , f 2 , etc., are in¬ 
finitesimally small, since the differential element dxdydzdudvdw oc- 
G 9 

curs instead of ~- 3 , and so the expression for S contains a constant 
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Of indeterminate (and infinite) value. By assuming G to be finite, 
Planck avoids this cWlufcn, just as he avoids the Rayleigh-JeaSis 
law in radiation, by assuming h to be finite and not infinitesimally 
small. He findtf, by using the value given above for A and / n , that— 
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log 


V(2t**T)1 

~~G~ 


+ 


E " 
N*T 


where E iv the kinetic energy of the molecules 

• i r ^ 

WntmgiR for k N and putting E equal to " RT, we obtain— 

2 


S = R 


(i + log 1 ) + log V + 1 log (27 mk) - log G 
2 2 



Since /V = RT and c 9 = ^R, equation (13) tan be readily trans- 

2 

formed to— 


S = R 


(1 + log 1 ’) + log V - log R + ^ + 1 


(* 7 ) 


The formal similarity between (16) and (17) is obvious, and the 
two results lead to the connection between Plant k’s G and Nernst’s 
“chemical constant,” a, given by the equation— 


or— 


a 

log [2irmk) - log G = - log R + ^ + 1 


R^ttm/)’’ 

“n 

<?R 


T he theimottynannc treatment can be found in the third tdition of 
Planck’s Thmtrnh mimics, ^Jhap VI The development of the ideas 
based on the quantum h)pothesis is given in his Iheoru der IVarmes - '* 
trahlung (2nd edition, pp 110-32) 
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“Present Status of the Constants and Verification of the 
Laws of Thermal Radiation of a Uniformly Heated En¬ 
closure.” 

(Summary of a Paper with the above title by W. W. Coblent/, Bur. 

Standards Siinitifu Taper , No. 406 (1920)). 

'The two laws of radiation are :— 

1. 1 he law of Total Radiation , i. r. , the Stefan-Iioltzmann law— 

R = <r(l V - V) 

where R is the total emission of theimal radiation of all wave-lengths 
passing from a uniformly heated enclosure at a temperature '1\ to another 
body at a tdinperaluie T 0 . ir is the coefficient or constant of total 
radiation. 

2. 'The law of SpcJral Radiation , i.c., the law which specifies the 
distribution of thermal emission intensities in the spectrum of the 
radiation emitted by a uniformly heated enclosure or so-called black 
body. This law is best represented by Planck’s formula— 

K a - c, . A-'- (c'«' AT - 1 )-h 

In this formula the constant <*, — 8 eh, where c is the velocity of 
light in vacuo. The constant <« — cklk wliep* k is the gas constant per 
molecule. < 2 may also be written as 4-9651 x A max x T (Wien’s l)is- 
plaeement Law). As is evident from the form of the eijuation, c 2 
detei mines to a great extent the shape of the isothermal spectral energy 
curve. 

The expel imental investigations of thermal radiation consist essentially 
in do teimining whether a and c., are constants, and the most probable 
numerical values of these quantities. 

“The various methods are classified, and a brief description is given 
of each leseaich. An attempt is made to indicate the good and the de¬ 
fective features of each research. 'Phis represents not only the writer’s 
opinions but a! o those of other experimenters. 

“ It is shown that the great variation in the various determinations 
of the numerical values of the Constants, especially the constant of total 
radiation, is owing mainly to the fact that, in the original papers, no 
corrections were made for atmospheric absorption of the radiation in its 
passage from the radiator to the receiver. 

, 334 
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“ In this paper conservative corrections for atmospheric absorption 
are applied to the various terminations to which sueh*corrections Bad 
not been made. As a result, instead of wide variations in the various 
determinations, which are free from other obvious defects, there is a 
remarkably close agreement among the various numerical values. While 
it cannot be said that the true numerical values are exactly as here re¬ 
corded, obviously the time is past when the value of the constants of 
radiation are swayed by a single and perhapsnovel method of research.” 

• Till-. COKT'HCIKNT OF TOTAL RADIATION (cr). 
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Gas-conduction experiments 
Bolo neter 
Thcr nometei 
Pyro neter 

Kafir of cmissivities, metal: black body 
Mod tied Angstiom pyrl^cliomctcr 

Bolometer 

Ratio of cmissivities, metal: black body 
Thermometei 

Modified Angstrom pyrheliometer 
Modified Angstrom pyihehometer 
Marvin pyrheliometer 


Mean \aIueoi ir (5*7^ to 5 73) x jo- 5 erg. cm.- 2 sec.degiee~ 


*• It is shown from various experiments that, beyond all reasonable* 
doubt, the total radiation emitted ftom a uniformly heated enclosure is 
proportional to the fourth power of the absolute temperature—the so- 
called Stefan-Bolt/mann law. Furthermore, the tabulated data show 
that the numerical values of the majority of the various determinations 
of the coefficient a, which enters into the mathematical formula of*total 
radiation range about the value, ^7 x to' : ’ erg. cm. sec." 

deg-V’ 


The Constant c., of Spectral Radiation. 

m 

“ Experimental evidence is cited showing that throughout the 
spectrum from to 50 /x Planck’s formula fils the observed spectral- 
energy distribution more closely than an y other equation yet proposed. 
This formula is based upon theoretical principles, and after two decades 
of discussion it remains urfehanged.’’ 
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Probable Value of the Constant c 9 y 


Observer. 

Hate. 

Observed. 

Corrected. 

fo Probable Value in 
Micron Degrees. 

Paschen 

i8gg 

2891 

2891 

14,360 

Lummer and 

C 1900 • 

2879 

2879 


Pringsheim . 

) _ 

2876 

2876 



l — 

294° 

2882 

14.300 

Warburg 

igti to igi5 

— 


is,300 

Coblentz 

igi3 to 1920 

— 


I4,3 iH 


Average value of c., = 14,320 micron degrees. 


“The numerical value of c 2 has fluctuated greatly in the various de¬ 
terminations. In the foiegoing pages it is shown that this is owing to 
experimental difficulties, such as, for example, lack of precise knowledge 
of the temperature scale and of the refractive indices of the prisms used.” 

Confirmatory Evidence. 

“One of the most interesting phases of the enquiry into the laws 
and constants of radiation is the confirmatory data which one obtains 
from a consideration of the interrelated phenomena of atomic structure, 
of X-rays, of ionisation and resonance potential, and of photo-electric 
action. From these data as well as from the foregoing data on the two 
constants of radiation one can compute the value of Planck’s element of 
action, h. This gives seven independent methods of determining the 
universal constant, //. Or, from any one of four of these methods one 
can calculate the radiation constants [cf. Hennig, Verb. Eeutsch. Phys. 
Ges., 20 , Hi (1918); Birge, Physical Rev., 14 , 361 (1919); Coblentz, 
_Bur. Standards Bull., 15 , hi7 (1920) and it seems truly remarkable 
how close is the agreement with the observed values. 

“ For example, the writer’s value of the coefficient of total radiation 
discussed on a preceding page is o- = (572 ± 0-012) x ro~ 5 erg. cm.— 2 
sec. _ deg. - 

This indicates a value of c 2 — 14,320 micron degrees and a value 
of A = 6-55 x 10— 27 erg sec. The value of h determined by Blake and 
Duane by X-rays {Physical Rev., 10 , 624 (1917)) is h — 6-555 x 10— 27 
erg sec., or an indicated value of c, — 14,330 micron degrees, which is 
close to experimental determinations of this constant. 

“Again, starting with Warburg’s value of c» = 14,300, the corre¬ 
sponding value of the coefficient of total radiation is «r = 5-74 x io~ B , 
which is the highest estimated limit of the average of twelve different 
determinations of this constant. Hennig {loc. cit.), on the basis of 
Sommerfeld’s theory, the measurement of spectral lines, and the value 
of the electron, obtains c 2 = 14,320 and <r = 5 717 x io -6 .” 
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“ In summing up the evidence, it is of interest to ^include Birce’s 
(be. lit.) comprehensive ami exact calculations of the constant h." 

Biimif/s Calculation of the Constant k. 


Value of It x io%> 


He marks. 


6*551 + ^*009 
6*557 ± o '°*3 
6*542 + 0*^)1 1 
6*578 + 0*026 
6*555 + 0*009 

6*560 + 0*014 
6*579 i 0*021 


a — 5-72 x 10— 0 

, «■* = I4,33 ( J 

Rydberg constant 
Photo-electric equation 
X-rays 

Ultimate fhtional units 
Ionisation potential 


Total radiation 
Spectral radiation 
Bohr’s theory of atomic structure 
Einstein’s equations 
Quantum relation 
( 1 heory of Lewis and Adams 
\(Physical Rev., 3, 92 (1914)) 


Mean value of h — (6*5543 + 0 0025) >. ro—' 7 . 


“Front this calculation and intercomparison by Birge of the data on 
<r, and h, as determined by thermal radiometric, photo-electric. X-rays, 
ayd ionisation potential measurements, it appears that the value of /i, 
computed from radiometric data, compares very favourably with that 
obtained by more direct measurement.” 

“The outstanding disagreement between all the observed and com¬ 
puted data appears to be of the order of 1 to 3 parts in 1000, whatever 
the method of experimentation. This is a very close agreement, con¬ 
sidering the variety of the data and the difficulties involved in making 
the expeiiments, which seems to indicate something more than a fortui¬ 
tous relation between properties of matter.” 

In conclusion it may be added that, to a close approximation, we 
have the following constants :— 

A = X max . f — 2885 micron degrees. 
c., — 14,320 micron degrees. 

, T 5*72 x io~ 5 erg cm. -2 sec. -1 deg.—*. 
h — 6*554 x io~ 27 erg sec. 


vol. in. 


22 
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Sommerfrld’s Modification of Bohr’s Theory of the Atom. 


By A. McKeown. 

Substitution of Elliptic Orbits for Circular Orbits. 


(Sommerfeld, Ann. Physik, 51 , i, 1916). 


Bohr’s initial treatment of the Rutherford atom model as expressed by 
equation 3 in Chap. V. is limited to electron movements in circular 
orbits about the nucleus, that is, the stationary system possesses one 
variable only, the angle swept out by the radius vector. t , 

We owe\o Sommerfeld and Wilson the generalisation of Bohr’s 
principle of quantisation of angular momentum for periodic systems of 
several degrees of freedom, and by means of this Sommerfeld has shown 
how the primal assumption of elliptic orbits involving two independent 
variables leads to frequency relations identical with those of Bohr for 
circular orbits. Further, because of the modified interpretation of the 
results which is inherent in Sommerfeld’s treatment, we are now able to 
take account of the fine structure exhibited by spectral lines, and to 
explain in more or less detail the observed effects of electric and mag¬ 
netic fields on them. 

Only a simple statement of the Sommerield treatment and its agree¬ 
ment with experimental observation will be given here. 

For a system consisting of a massive nucleus (at rest) and a single 
electron revolving around it the position of the electron at any instant 
relative to the nucleus may, in the absence of external forces, be repre¬ 
sented by two co-ordinates fa and^ 2 ; for example, the polar co-ordinates 
$ and r. The kinetic energy T may be expressed as a function of fa 
and fa and their differential coefficients q x and fa with respect to time 
(cf. Appendix 1 ., p. 310). The partial differential coefficients of T with 
respect to fa and q^ written— 


v 



and 



are termed the generalised momenta corresponding to the co-ordinates,^ 
fat 9t ^ ie case circular motion of the, electron round the nuclei!*,: 
we may replace fa by </>, the angle wjiich the radius vector makes 


338 
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1,1 » 
any instant with an arbitrary fixed diameter, and q % by a, the radfus 
of the circular orbit considered. The kinetic energy is given by— 

T = im 0 - i* 0 «*#*. 

the angular velocity </> being constant for circular motion. It follows that 

1 • 

ST 

' /j = ^ = m 0 a % 4 > — angular momentum M. 

However, it will be remembered that Bohr’s special assumption of 
orbital restriction can be watten in the form— 


where M is the angular momentum of the electron in its orbit, and ft is 
a whole number. This is the condition which defines a particular series 
of orbits, out of the infinite number of dynamically possible orbits, as 
being stationary in the quantum sense. 

It follows that Bohr’s equation of restriction for circular orbits may 
alternately be written in the form— # 

\P\d(/x — $M dtf> = 2ttM = ft A, 

where the integration has been taken between the limits q x = <f> = o 
and q x = <f> — 2 rr, that is, for a complete revolution of the electron in 
its orbit 

It is easy to show that an equation of restriction of the same form 
\pdq = nh will, in the case of a linear oscillator, lead to the condition of 
elementary quanta of energy originally postulated by Planck. Consider 
a particle executing simple harmonic motion about a mean position. 
The only variable in this ca^p is the distance x of the oscillator from 
its mean position, and the motion is defined by— 

x — a sin u>t 

where — = v, the frequency of the oscillation. The kinetic energy at 
2 rr 

any instant is— * 

T = £fft 0 x 2 

«'auSO that p„ the generalised momentum corresponding to the co-ordinate 
x t is given by— 

t>T 

~ ST = 

Let us suppose that our 'equation of restriction is— 

1 ^p m dx = ! 'rth , 

f • 

where die integration is taken over a complete peripd of the^oscillation. 
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Changing from ihe variable x to the variably/ and integrating, we have— 

m (j I xdx — 7r m 0 a-u> = nh. 

J /=o 

But the total energy of the vibrator is— 

\) r —. \ w 0 rt‘V“. 

Hence: W = nh . 0> = nhv. ' 

21 ? , 

which is identical with Planck’s original assumption. 

We now proceed to the case of motion in*an elliptic orbit. Sommer- 
feld and other workers in this field have assumed that the general 
equations of restriction for the motion of an electron round a nuclear 
sun are of the form— \/>Aq a ~ v J l where the integration is taken over 


A 


Fig. 21. 

{ 

a complete libration of the q s co-ordinate. There is one such equation 
of restriction for each co-ordinate, for each of which n s is independently 
chosen. When the motion of the electron is strictly periodic, as for 
circular or elliptic orbits, there is no difficulty in fixing the limits of in¬ 
tegration for each equation of restriction. Thus, for elliptic motion, 
the co-ordinates are q x = and q., = r (see figure); q x is taken from 
= o to t}> = 27 J-, and q., from r = r min . (perihelion A) to r = r maXi 
(aphelion B) and back again, or what amounts to the same thing, fro m_ _ 
fji = o to (fa — 2 IT. 

Let us *now consider an electron of mass m 0 and charge e at P 
moving in an elliptic orbit round a positive nucleus O at the focus of 
the ellipse. The charge pn the nucleus is E, its mass is very great 
compared with m 0 so that the nucleus may be regarded as stationary. 

If the polar co-ordinates of P be (£, r), the velocity of the electron at 

any instant is ^ = r along OP, together with r = r<p perpendicular 




w 
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to the line OP. The kinetic energy of the electron being where 

v is the resultant of these velocities, it follows that— 


T - **„(;* + . 

The potential energy V of the system is given by— 


y = _ f? 

r 


• (0 


■ (*) 


The generalised momenta corresponding to tf> and r may be written as 
and p T , *nd since these are defined by the relations— 

t>T 

** “ a? ’ A ~ bP 

it follows that— 

Pt = i P, = . . • • (3) 

The quantum equations ol restriction are now— 

f t 2tr 

Pt<fy = nh . . . • ( 4 ) 


'/A 


-r 


p T dr — n'/i 


The coefficient 2 in the left-hand side of equation (5) allows for a com¬ 
plete libration of the electron in the elliptic orbit. 

The factor r-ty occurring in equation (3) is the area swept out by 
the radius vector r in unit time, and by Kepler’s second law of planetary 
motion this area is a constant. Replacing by a constant /, the first 
equation of restriction (4) therefore reduces to— 


2-rrp — nh 


• ( 6 ) 


Again the equation of the ellipse in terms of its polar co-ordinates is — m , 


1 1 + e cos <f> 
a 1 — e 2 


• (7) 


where e is the eccentricity of the orbit and 2 a is the major axK By 
logarithmic differentiation of this equation with respect to <f> we obtain— 


1 dr _ C sin <j> 
r d(f> 1 + « cos «/> 


But from equation (3) it follows that- 


dr , p dr 


. ( 8 ) 


• (9) 


Also 
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Hence fA - f(L 0 \ = 

so that the second equation of restriction (5) reduces to- 


CHEMISTRY 

sin* 


cos <£)*’ 




, f* a,r sir 
1 0 ( r + « 


sin? <f> 


J<f> n'h. 


0 (1 + « cos <f>) 2 
or, using equation (6), to— 

<*[■' i-f e 

■J 0 (i + € COS <£) 2 ^ ft 

Integration of equation (10) leads to— 


1 

J 1 “ 


- 1 


n 

n 


(10) 


or 


(« + «') 2 


(“) 


The left-hand side of this equation depends only on the eccentricity e, 
so that not only is the magnitude p, which determines the size of the 
orbit, quantised, but we see further that the eccentricity e, which deter¬ 
mines the shape of the ellipse, can only vary discontinuously, depending 
as it does on *he ratio of two whole numbers n and n + 

Again, from equation (3) the kinetic energy of the electron is given 
by— 

t = -K(;» + rw - + £). 

Whence, from equations (7) and (8)— 


Also 


T 


/ 2 




‘fv' 


+ € CON < f > 


eE eE 1 + t € COS 

r a 1 - e 2 


(12) 

( 13 ) 


Since the sum of the kinetic and potential energies must be a constant, 
independent of the angle «£, the sum of the factors of e cos <f> in equations 
(12) and (13) must be equal to zero. This leads to— 


r 


or 


p° 1_ eE 

tn^a ' 1 ' (1 - « 2 ) 2 «(i - c 2 ) 

- f 

“ m 0 eE( 1 - t 2 ) 



Applying equations (6) and (11), we obtain— 
" = +‘ ; * " 
where 2 b is the minor axis of the ellipse. 


• (i 5 ) 
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If W be the work required to remove the electron from its orbit to 
ah infinite distance away, it is clear that— * • 

- W - T + V = r eE _ ,} _ 1 ' E . (i6) 

a(i - c J )v. 2 ) 2a ' ’ 

Substituting the value of a given by equation (15), it follows that— 


XXT 27 T 2 w/ j E 2 . I 

^ • ( 7 r+ 


• (17) 


the suffices «, »' being introduced to denote the state of the orbit. 

If we now assume with Bohr that a change of the system from the 
state characterised by the*piantum numbers ///, m to that characterised 
by «, ri is accompanied by emission of a quantum of homogeneous 
radiation of frequency v, we have— 


W, 


HI, HI' 


V = 


2ir' i m l / 2 K i 
¥ 


{(« + //')“ (m + ‘ ‘ 


Since n, rt\ m, in are any integers, it is evident, on comparison with 
Ihe simpler Bohr treatment given by equations (3) and (|) in Chap. V., 
that the foregoing analysis of elliptic orbits leads to exactly the same 
spectral series as is predicted on the basis of circular orbits. 

However, the physical significance of the two results is very different. 

Thus if we write the series predicted by the earlier Bohr theory in the 
form— 

27 r- i 7 » 0 er'“E 2 f I I ) 

A*""' W " VJ’ 


the Balmer series in the hydrogen line spectrum is obtained by placing 
t 2 = *• ; tj = 3, 4, 5 . . . ; whilst the more complete formulation, as 
contained in equation (i£), predicts the Balmer series for any set qf, 
integral values of n, n, m, m which makes n + n = 2, m + m = 3, 4, 
5. . . . It should be noted that all the elliptic orbits which possess the 
same value of « + n or W have the same value of 2 a, so that in the 
production of a single line all the initial orbits which will give rise to 
the emission have the same major axis, and similarly for all thtfc final 
1 ' , - orbits. The values n = o, m = o correspond to zero eccentricity, 
vjv that is circular orbits, so that for these values the system reduces to the 
simple Bohr configuration. The valufes n = o and m — o must be ex- 
* eluded since either would represent a rectilinear orbit passing through 
, the nucleus. Omitting these, it is evident that the first line of the 
V , ' Balmer series, which corresponds to n + n 1 = 2, m + rri = 3 can be 
/ generated in six different ways, and should therefore represent the super- 
. position of six spectral lines. The second line of the series, given by 
' n + ri ** 2, m + m = 4 can be arrived at in eight different ways, the 
third line of the series in ten ways, and so on. 
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. Whether or not all these apparently possible modes of generation of a 
single spectral line are dynamically possibly need fiot seriously coricem 
us unless we have at our disposal some means of resolving the apparently 
homogeneous line into its constituents. As previously mentioned, such 
means are available and will be discussed in the following sections. 
Two general laws, embodied respectively in Rubinovicz’s Principal of 
Selection and Bohr’s Principal of Conespondence have been utilised in 
investigating the dynamical probability of the occurrence of’ any 
particular tiansit between stationary' states, and although semi'-empirical 
in nature, both Principles—and especially that of Bohr—haye met with 
considerable success in this connection. It is not proposed, however, 
to discuss these theories in detail here ( cf. Appendix V.). [An excellent 
account of their theoretical basis and applications to particular cases will be 
found in Sommerield’s Atombau mid Sfcktrallinien (3rd Ed. English 
trims., Methuen, 1923).] 


The Fine Structure of Emission Lines. 

To test the truth of Sommcrfeld’s modification of Bohr’s treatment, 
it is essential that the apparently homogeneous line— 

2 7 r 2 Wo ( '®E 2 f 1 _ J_1 * 

1,1 Ir 1 [ [n + n') z (m + w') 2 f’ 

should be resolved into its constituents and these separate lines rendered 
amenable to direct spectroscopic observation. For this purpose we re¬ 
quire the action of a field whose effect on the energy content of the 
atomic system considered above will vary with the shape or eccentricity 
of the electron’s orbit round the nucleus. Such an influence is found 
in the atom itself in the relativistic factor which has been hitherto 
neglected in our dynamical treatment of the system. Bohr has em¬ 
phasised the importance of the introduction of the effect of the velocity 
of the electron on its mass (and therefore its orbit), and has proposed to 
'"view the doublets observed in the hydiogen spectrum as a relativistic 
phenomenon. Sommerfeld, however, attacks the problem, not by modi¬ 
fying the Bohr circular orbits in this sense but by applying the necessary 
corrections directly to his more general treatment of the preceding section. 
The mass of the electron is not accurately a constant, but depends on 
the Velocity with which it travels according to the equation 



where v is the^velocity relative to the observer and is the mass at 
rest relative to the observer. When this modification is taken into ac¬ 
count, the motion of the election round the nucleus is no longer an el¬ 
lipse nor is it strictly periodic, but for moderate velocities of the electron, 
its motion may be represented by an ellipse which undergoes a slow 
progression of the apses. Tfiis type of motion is termed conditionally 
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periodic, in that th'e limits of the variables and r are quite definite 
and "fixed, but 4 or swccessiv| revolutions r does not attain its limit^Tor 
the same values of <f>. . 

The final result of the relativistic correction is to replace equation 
(17) by 


w 2TT 2 mtf ! 2 E 2 f / %7reE \ 2 (\ n'\ 1 

V ""’ - (* + 7 )W + U(T+“ 7 j) (i + + • • < I9 > 


where c i« the velocity 
previous significance. 


t 

of light and the other symbols retain their 


This is an expansion in terms of 



since this quantity is of the order 5 x io“ r ’, it is evident that for 
practical purposes all tern!£ beyond the second may be neglected. 

Hence the relativity correction consists of two parts— 

I. An increase in W„ t by a factor 


I / 2ttcVj _ Y __ W„, 

4 + ri) j 1 + 2m ( f~ ’ 

II. A further increase in by an amount equal to times the 
first correction. 

For circular orbits ri — o, and the second correction disappears. 
Since the first correction does not depend on n and ri separately, it will 
not cause the splitting of a line into its components, so that for circular 
orbits we should obtain no fine structure. It will, however, cause a 
slight displacement of the line as a whole from the position calculated 
on the basis of no relativistic effect, and is therefore called by Sommerfeld 
the “ relativistic correction for circular orbits ”. The fine structure of 
lines depends on the second correction, which, since it contains the 
integers n and ri sepaiately, will have slightly different values for differ¬ 
ent eccentricities of the orbits characterised by the condition n + ri = a 
constant. Hence for tvs o orbits W„_ and W, (I> m ,, if both \V„, „> and W M)fll . 
can have a number of distinct but only slightly different values found hy. » 
putting n + ri — a constant, m + m -- a constant, the value of v result¬ 
ing from the equation 

hv = W„, - W Mi .... (20) 


will similarly possess a number of distinct and slightly differing values. 
In this way Sommerfeld accounts for the multiplicity of lines in the 
emission spectra of hydrogen and helium. 

jj. should first be noted, however, as a consequence of formulas (rg) 
and (20), that the‘Rydberg constant in the Balrner series of hydrogen, 

o i ° 

• 2 7T“ tit €. ’ 

instead of being equal to ——■!•- , the value predicted by the Bohr 

treatment of circular orbits, should vary lightly from line to line accord¬ 
ing to the equation— 
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f f r , 1 V ■■■'; 

* ' * - • .4% 

where m r has the values 3, 4, 5, etc. If AN denote the difference 
between the constants for two different lines, the observed and predicted 

values of the expression io r ‘. are quoted by Sommerfield as— 

-N A 




H -H . 

a y 


Observed 

0-37 

o -35 

o'o6 

Predicted 

o-6x 

0-89 

104 


The agreement is satisfactory as regards sign and order of magnitude. 

Let us now examine more closely the fine structure to be expefcted 
in the lines of the Balmer series. The final state of the atom in the 
generation of any line of this series corresponds to u + ri = 2, so that 
two final orbits are possible in the generation of each line, a circular 
orbit given by n — 2, ri = o, and an elliptic orbit given by n =* 1, 
ri «=» x (as mentioned above, the arithmetic combination n = o, ri e» 2' 
is to be excluded on physical grounds). If we therefore omit for the 
moment the varying multiplicity of the initial orbits, it follows from 
equations (19^and (20) that each “line” of the series should at least 
consist of a doublet, the wave-number difference for each doublet having 
the same numerical value which is readily calculated to be 0-365 cm.*" 1 . , 
Actually, such a structure is observed in the hydrogen emission spectrum. 
Each “line” of the scries is found to contain this doublet, and the 
wave-number difference of the components, whilst varying slightly from 
member to member of the series, has a mean value approximating 
closely to 0-365 cm. -1 . If now we take into consideration the multi¬ 
plicity of initial orbits in the generation of a Balmer “line,” we should 
expect the number of observed components of any one line to be much 
greater than two. Thus for H a which corresponds to « + «'*= 2, 
•**)#+ tri — 3, the total possible transitions are six in number. However, 
Only three of these predicted lines are observed, namely those cor¬ 
responding to the changes 2, r -> r, 1 ; 3, o -> 2, o : and x, 2 -*• 2, o. 
The latter pair of lines form the H 0 doublet already referred to. The 
absence of the other three constituents is fully accounted for by the 
Principles of Selection and Correspondence previously mentioned. In 
this particular case, only those transitions are dynamically possible, for 
which the difference in the azimuthal partial quantum numbers « and..** 
m is + I. Similarly in the case of H fl , for which n + ri= 2, m + m'^4, , f 
five out of the eight seemingly possible components are disallowed. 

Observations with hydrogen are especially difficult because of the ^ 
very small separation of the lines to be expected, and the relatively > ■ 
great broadening of individual lines due to the Doppler effect If,-'/ 
instead, the spectrum due to ionised helium be investigated, 
mathematical analysis developed for hydrogen still holds good, but the , 
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Doppler effect is considerably decreased for the same temperature of 
the «gas, and the sqparations predicted are all multi ptted sixteen4old 
on account of the factor l? 4 in the second relativistic correction. In 
this particularly, favourable case, the results of Sommerfeld’s analysis 
are completely vindicated. The helium series consists primarily of well 
defined doublets, the value of whose wave-number difference is found 
by Paschen to be 16 x 0-3645 cm. -1 , in agreement with the calculated 
figure for hydrogen given above. Further,, the number and intensities 
of the subordinate components due to multiplicity of initial orbits are 
in complete harrfiony with the predictions of the Correspondence and 
Selection Principles. The details of this example are given very fully 
by Sommerfeld, toe. cit. 

Recently, certain verj^careful measurements have been carried out 
by McLennan and Shrum {cf. Nature , August 4, 1923) on the doublet 
separations for the principal lines of the Balmer series of hydrogen. 
The results obtained are tabulated below :— 


Line 

Wave-length. 

Separation of Components, 
(Wave-number Differences). 

1 Probable Krror, 

Ha 

656279 

033 cm.- 

o-o2 cm.* 

H p 

486 r 33 -- 
4340*46 A 

0-36 „ 

001 „ 

Hy 

0-37 .. 

• 0-02 „ 

Hi 

410173 £ 

0-36 

o-o 2 „ 

H« 

3970-07 A 

o -35 .. 

0-02 „ 


These data afford a striking confirmation of the Sommerfeld theory of 
the fine structure of emission lines. 

Stark Effect for Hydrogen. 

(Epstein, Ann. Physik , 50 . 489, 1916.) 

It has been found experimentally by Stark that the presence of a 
strong electric field causes an apparently homogeneous 1 spectral lirib 
of the Balmer series to break up into a number of lines whose frequencies 
form simple arithmetic series on either side of the frequency of the 
undisturbed line. The extent of the separation of these resultants is 
proportional to the strength of the imposed field. The total number 
of resultants obtained from any single Balmer line does not depend 
on,the field but increases with the frequency or series number of the 
original line considered. When observed in a direction perpendicular 
to the lines of force of the electric field, all the components are found 
to be plane-polarised, some parallel to the field, some perpendicular 
to it When viewed along the direction of the field, Ufte former com* 
ponents do not appear, but the latter are.visible and are unpolarised. 

, In this section we speak of the observed lines H a , Hg, etc., of the undisturbed 
spectrum as homogeneous, since the separation to be considered here is of a much 
greater order than that of die fine structure discussed above. 
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Epstein has investigated this effect from the theoretical standpoint, 
using the same fundamental principles as wt^re laid down by Sommerfeld 
in his treatment of the undisturbed motion of the atomic system. The 
analysis is necessarily rendered more complex by the appearance of a 
third degree of freedom to take account of the orientation of the system 
relative to the electric field. This kivolves quantising separately with 
respect to each of the three variables concerned. Epstein’s final result 
for the total energy of the system under the influence of the field may 
be written— i 
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where X is the intensity of the applied field, //, //', n" are integers 
defining the stationary state of the system, and the other symbols 
retain their previous significance. This equation corresponds to 
equation (17) of the first section. It should be noted here that the 
value: it" — o is excluded (as was n — 0 in the case of the undisturbed 
motion) since this value would signify an electron orbit passing sooner 
or later through the nucleus. 

If 11 + n + n" be replaced by n u and m + in' + in' by m u the 
frequency of the light emitted when the electron passes from the state 
tn, in', in' to tfee state n, 11, n" is given by— 
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The first term on the right hand side is the well-known Bohr expression 
for the undisturbed spectral line, the second term represents the extent 
of the splitting produced by the electric field X. It is evident that 
this will diffei for each component of the original “ homogeneous ” 
line, since each component depends on a characteristic combination 
of the integers //, ?i >1" and m, in', in". Now 1^(11 - n') - 111^111-m') is 
necessarily an integer, so that the displacement produced by an electric 
field X may be written— 
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wher<e P is a variable whole number and A is a constant, completely 
defined by the constants of the atomic system. It follows that under 
the influence of a given electric intensity X, the components of any 
line should be spread out to forhi a regular series of equidistant linesfwww 
the distance between consecutive lines having a constant value AX. 
Also, since 11, n enter symmetrically into the deduction of equation 
(21), any negative value of ( n-n ') should be equally as likely as the 
same positive value of so that the components should be 

arranged symmetrically about the position of the Original line. Again, 
other things being equal, it is obvious that the greater the value of 
m x the greater will be the number of different values which the factor 
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P can assume, that is, the number of components obtained from a 
single Balmer'line should increase with its series nufliber. All these 
results are in complete agreement with the experimental evidence of 
Stark. 

The Principles of Selection ^n*d Polarisation of Rubinoviez have 
been used to fix the number of units by which the equatorial partial quan¬ 
tum number m" may change, and the state of polarisation of the resulting 
lines. The only possible changes in the Equatorial quantum number 
are fount! to be O and ± I. In the first case, m" = //", and any line 
which inv<?lves the constancy of this partial quantum number in its pro¬ 
duction will be plane-polarised parallel to the lines of force of the field. 

In the second case, m" n” ± 1, and the emitted radiation will be 
circularly polarised around the direction of the lines of force. These 
rules are sufficient to account for the observed states of polarisation of 
all the different components arising out of the Palmer series. Some of 
the lines predicted by the Principle as possible are not obseived, but 
this might be accounted for by considerations of the very feeble inten- ** 
sity of these radiations. Indeed, Kramers has shown, on the basis of 
the more complete Principle of Correspondence, that the intensities ol 
the lines in question are vanishingly small, and therefore should not be 
.observed. 

The case of the line Hp in the hydrogen spectrum nyght be quoted 
as an instance of the general agieement between Epstein’s predictions 
and actual observation. The possible values of P in equation (23) are 
here considered to be 14, 12, 10, . . . 2, o. All the corresponding 
lines with the exception of P — 14 are observed. The following table 
gives the calculated and observed values of A\, the extent of the dis¬ 
placement in Angstrom units. 
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67 
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lObsd. (b) 

• 

» 193 
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The third and fourth rows refer to light polarised so that the elecfric * 
force is parallel and perpendicular respectively to the lines of the 
external field. The general agreement between the observed and the 
calculated values is very good. Further figures for H OI H y and Hg will 
be found in Epstein’s original paper. # 

The Normal Zeeman Effect. 

(Sommerfeld, Physik. Zeitsch ., 17, 491, 1916). 

This effect may be quoted as another illustration of the general 
applicability of Sommerfeld’s method of quantisation of the variables of 
a system of more than one degree of freedom. 

When a powerful magnetic field acts on any line of the simpler 
spectral series (originating from 'atomic systems of the hydrogen type), 
it is found to cause a resolution of tfye line into either doublets or 
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triplets, according to the direction of observation t of the phenomenon 
relative to that of the imposed field. Wheif examined along the mag¬ 
netic lines of*' force, two spectral lines are seen displaced to equal 
extents on either side of the position of the original line, which, how¬ 
ever, does not appear. These two ^lines are found to be circularly 
polarised in opposite senses. Viewed perpendicular to the direction of 
the field, three lines are seen; one, which is plane-polarised with the 
electric vector parallel to the field, coincides in position with the un¬ 
disturbed line ; the other two occupy the same positions in the spectrum 
as the components of the doublet just referred to, but are nOw seen to 
be plane-polarised with the electric vectors perpendicular to the direc¬ 
tion of the field. 4 . 

On the basis of the classical electron theory, Lorentz has been able 
to deduce theoretically all the details of this, the normal Zeeman Effect. 
Besides predicting correctly the type of resolution to be expected and 
the sense of the polarisation of each component, Lorentz obtains an 
expression for the displacement of the components relative to the posi- 

ell 

tion of the undisturbed line, viz. dv =-which is in complete 

47 rmc 0 

accord with observation. In this equation, H denotes the intensity of 
the magnetic field and the other symbols retain their usual significance.* 
When we consider that classical theory affords no explanation of the 
production of the simplest spectral lines or of the observed effects of 
electric fields on the same, it is remarkable that such a complete and 
ready explanation of the Zeeman Effect is forthcoming. The nature of 
the radiation process which is assumed by Lorentz bears no apparent 
resemblance whatsoever to that which is fundamental to Bohr’s theory 
of the origin of spectra. Whilst no explanation of the apparent anomaly 
is suggested, it is obviously of special importance to investigate the 
theory of the Zeeman Effect along analogous lines to those which have 
already proved successful in the interpretation of spectra, both undis¬ 
turbed and under the influence of electric fieltis. This has been done 
•’by' Debye and by Sommerfeld. Their analysis of the problem, taken in 
conjunction with either the rules of Selection and Polarisation of 
Rubinovicz or the Principle of Correspondence of Bohr, leads to exactly 
the same results as does the older theory of Lorentz. 

Three independent variables are obviously necessary in order to 
represent the motion of a simple nucleus-electron system of the hydro¬ 
gen type in a magnetic field. The variables used by Sommerfeld are 
the familiar polar space co-ordmatcs ( r , 0, <£), the direction of the axis « 
of r coinciding with the direction of the applied field.. The motion is 
quantised separately with respect to each of these variables according to 
the conditions:—•* 

J pjr = n x h, 

\pedQ =* « 2 /%, 

$/*</</>= f\Ji. 

The result of the operations is that the total energy of the system in the 
presence of a magnetic field of strength H is given by the relation- 
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where - W 0 is the total energy of the system in the absence of the field. 
It should be noted that only the equatorial quantum number « a occurs 
in the correcting.factor introduced a result of the field. 

We may now apply this expression for the energy in Bohr’s frequency 
relation to obtain the frequency of the spectral line generated by the 
transition ?— % 


This gives— 
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Here v 0 denotes the difference in the values of the total energy in the 
absence of the field divided by h, and v 0 is therefore the frequency of 
the undisturbed line. Thus, in the normal Zeeman Effect, we should * 
expect a series of equally spaced lines on either side of the central line 
v 0 corresponding to the different values, positive and negative, which 
(z» 3 — «j) may assume. 

# As in the case of the Stark Effect, however, the Principle of Selection 
limits the change in the equatorial quantum number m s i o ± I and 0. 
In the first case, the frequencies of the resulting spectral lines are given 
by:— 
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Again, according to the rule of Polarisation previously stated, each of 
these lines is circularly polarised in a plane perpendicular to the field, 
and should therefore appear circularly polarised when viewed longitudin¬ 
ally and plane-polarised perpendicular to the lines of the field when 
viewed transversely. For 4 transition involving no change in the value 
of m 3 , the resulting line should be coincident with the position of the 
line in the absence of the field, and should be plane-polarised with its 
electric vector parallel to the direction of the field. This line, there¬ 
fore, should only appear when viewed transversely. Obviously, all these 
results of the quantum analysis are in agreement with the observed 
details of the normal Zeeman Effect already given. * 

It is, perhaps, significant that in the final expression for the normal 
Zeeman separation the constant h } which is essentially of quantum 
4W l 5 Hgin, does not explicitly appear. This is in contra-distinction to the 
occurrence of h in the corresponding frequency displacements of the 
Stark Effect and in the general quantum formulation of^eries relations. 
As previously pointed out, however, the Zeeman Effect ‘alone lends 
/ itself to quantitative treatment along the fines of classical theory. The 
Complete agreement of the final results of the classical and quantum 
'♦ill methods in the realm of magneto J optics supports to some ^extent the 
V:, baaic idea of an intimate Connection between the classical and quantum 
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vi§ws of radiation phenomena on which Bohr’s Principle of Correspond* 
enie is founder? r 

t 

Only the normal Zeeman Effect, as given experimentally by the lines 
of hydrogen and helium, has been touched upon in this section. In 
general, however, the action of a magnetic field on spectral lines is of 
a more complicated nature. With either of the sodium D lines, for 
example, many more components than the three predicted by the above 
theory are observed, and the spacing of the components, whilst follow¬ 
ing relatively simple laws, does not correspond to the theoretical spacing 
eH . 

dv = , This—the anomalous Zeeman Effect—is naturally a 

47rw 0 c 

consequence of the departure of the emitting atomic system from the 
simple model employed in the fore-going analysis. Using the methods 
of classical electron theory, Voigt (Ann, P/iysik, 41 , 403; 42 , 210, 
1913) has derived equations which serve to explain the entire behaviour 
of the sodium 1) lines under the influence of magnetic fields. Voigt’s 
theory of the anomalous Zeeman Effect thus eoriesponds to the Lorentz 
theory for the normal effect already mentioned. Recently Sommcrfeld 
(Zeitsch, furP/mik , 8 , 257, 1922) has modified the treatment of Voigt 
in terms of quantum dynamics, and has succeeded in systematising all 
the known modifications of the anomalous effect in the form of certain 
relatively simple equations. Certain arbitrary assumptions made by 
Sommerfeld have been given a definite physical interpretation by 
Heisenberg (Xeifscli. fur P/iysik , 273, 1922) in terms of the atomic 
structures of the systems concerned. 
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*The Corrkspondknck Princih.k. 

By James Rick, M.A. 

It is a commonplace to compare an atom to an astronomical planetary 
system, but the analogy is far fiom perfect. Considering it fiom the 
standpoint of pure dynamics v\e recognise that iht advent of a disturbing 
body will alter the orbits in a planetary system and that llicie will be no 
return to the original orbits on the departure of the intruder. On the 
Other hand, although we are bound to admit that any disturbing influence 
may alter the electronic orbits of an atomic system, the alteration will 
disappear on the removal of the influence. It is impossible to account 
Ijpr the permanent properties of the elements otherwise. There appears 
to be for any atomic type a normal state (which must metn in modern 
atomic theory, a normal group of orbits) which persists and is in¬ 
dependent of all so-called “ initial conditions,” a stale of affairs of which 
there is no analogue in a planetary system. The point of contact 
between atomic theory and classical dynamical theory consists in the 
fact that the special group of orbits are assumed to obey the classical 
laws of motion, the electrons being subject to an inverse square attraction 
to the nucleus, i.e. the orbits are “ mei hanieally possible,” but pure 
dynamics affords no reason whatever why this special gioup of orbits 
should be favouied at the expense of the infinity of orbits which are just 
as “mechanically possible#. 

When we consider the orbits of electrons in atoms from the point of 
view of electrodynamics we realise a still further difficulty for classical 
theory, for, under these circumstances the electrons should be ra^jating 
energy continuously and in consequence their orbits should be slowly 
contracting. Thus even apart from encounters with neighbouring 
systems the permanence of the normal orbits required by the permanence 
of the propert ies of any given element would not be ensured. 

^ In face of the breakdown of accepted principle there is nothing for 
it but to frame new hypotheses to meet the situation, and in accordance 
with all the canons of good reasoning these new hypotheses must be as 
few as possible and make as little breach as possible wjfh the previous 
Standpoint. The hypothesis put forward by Bohr during the past decade 
are at present accepted as conforming t<; ftiat criterion. 

In the first place, Bohr assumes that there are in addition to the 
normal orbits referred to above other “ mechanically possible,” orbits of 
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greater energy which are specially favoured. An electron can remain ' 
cir&jiating for a ^finite time in one of these without radiating. As before 
no criterion c^n be found in the older dynamical and electrodynamical 
theory for selecting such orbits or endowing them when .so selected with 
the non-radiating property. A method of selection has been highly 
developed in the more simple types of. systems and appears to be equally 
valid in more complex atoms, although the application is correspondingly 
difficult. It is a purely dyqpmical problem and its solution in general 
employs a mathematical technique due to Hamilton and Jacobi and- 
well known to astronomers dealing with planetary perturbations in 
astronomical theory. The method calculates for any mechanically 
possible orbit a scries of quantities called “ moduli of periodicity.” 1 

The value of any modulus may, as far as pe.re dynamics is concerned, 
have any one. of an infinity of values. The method of selection sug¬ 
gested by Bohr, Sommerfeld and their co-workers has been to choose 
those orbits in which each of the moduli is some integral multiple of the 
Planck constant h. In general this criterion gives sufficient equations 
to define the orbits uniquely. These “quantum favoured” or 
“quantised” orbits are then assumed to be “non-radiating,” i.e. that an 
electron circulating in one of these will not radiate in the classical con¬ 
tinuous manner so that it will persist in the orbit for a finite time. 
(This method is explained more fully in the case of the simpler atoms ift 
Appendix IV'*) However, the electron does not remain perpetually 
even in a quantised orbit. Under the influence of external radiation, 
of the approach of another electron or of some, as yet ill-defined, 
inherent property (hearing a resemblance to the spontaneous activity 
responsible for radioactive phenomena), an electron may leave a quantised 
orbit. It does not do it as far as we can judge by the slow contraction 
process considered in electrodynamic theory. At present no assumption 
as to the method of departure has been put forward with any serious 
claims to consideration, nor as to what takes place until the electron 
once more takes up a temporary “mechanical ” life in another quantised 


1 In the general treatment of a dynamical system, there enters a dynamical con¬ 
cept of the highest importance, known as action (which is not to be confused with 
the us^ of that word in the third of Newton’s well-known laws of motion). 

If we multiply twice the kinetic energy of the system at an instant by the 
magnitude of a succeeding element of time, the product is known as the accumula¬ 
tion of action during that element of time. If we integrate this result over a finite 
lapse'of time we obtain the act on accumulated by the system during that interval. 
The amount accumulated in the time reckoned from a defined original instant is 
usually referred to as the action of the system. 

Now although the following statement has not been proved to possess universjli 
validity, yet in all the cases of atomic systems so far investigated it has been found 
possible to choose the co-ordinates of the system in such a way that the action can 
be equated to the sum of a number of parts, the number being the same as the . 
number of co-ordiAcU.es required to define the system completely, and each part de? 
pending entirely on the initial and final values of one co-ordinate (together with, 
certain constants which help to define the configuration and motion of the system 
at the original instant). The amount by which any one of these partial actions in¬ 
creases during one period of the corresponding co-ordinate is called a modulus Iff 
periodicity. There are obviously as many moduli as there are co-ordinates. 
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orbit. The old and new orbits differ in energy, anjJ so the atom is 
supposed to dmit a*mono-aiiromatic radiation if the former has greater 
energy than the latter. In the contrary case absorption takes place. 

In both cases'the frequency is given by the quotient of the energy- 
difference by h. The normal s^ate of the atom would be that con¬ 
figuration of the electrons among all the possible quantum-favoured 
configurations which corresponds to the minimum energy. 

On reviewing the situation at this pefint we see that although a 
certain [fart of tVe classical theories has been discarded as inadequate, 
another p*rt is retained. Thus the quantised orbits are mechanically 
possible. Now it is a further noteworthy fact that in the domain of full 
temperature radiation th^conclusions of quantum theory and classical 
theory are in good agreement for conditions of high temperature or low 
frequency—there is a certain “ correspondence ” between the two views 
in a limited region. Another correspondence was [jointed out by Bohr 
in his earliest papers on atomic theory, and the recognition of it led to « 
one of the first triumphs of his theory, viz. the expression of a formal 
relation between the Rydberg spectral constant and the constants A, e 
and m. Thus taking the simplest of atoms, the hydrogen, experiment 
shows that the formula for the spectral lines of the Balmer’s series is— 



where K is the Rydberg constant and r and t" are two integers (r' > r"). 
This would imply on the Bohr theory that the energy for a quantised 
orbit of the electron (ellipse or circle) would be given by— 
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where C is a constant, viz. the energy when the electron is at rest at an 
infinite distance from the nucleus. Each orbit would be to some extent 
characterised by its (total} quantum number r, the 1 -orbits having tjje 
least energy, the 2-orbits, 3-orbits, etc., having successively increasing 
energies. 

Now ordinary dynamics proves, for an elliptical orbit, desalted by 
a mass m round a centre of force attracting it according to the law /*/r 3 , 
where /t is a constant, that— # 
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where w is the number of revolutions per second round the focus, a the 
semi-major axis of the ellipse and W the work required to remove m to 
infinity from the orbit. 

In the case of the hydrogen atom m is the mass of an electron, /* is 
the square of the electronic charge e, and by (1) 
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for a T-orbit; so j|hat for this orbit equations (2) become 

“ / 2K 3 /; 3 \ I/J ‘acV 

w ~ \jrWm) ’ a ~ Kh ‘ • ‘ 


( 3 ) 


Reverting to the idea of a possible correspondence we see that the 
frequencies of the emitted radiation are given by (r); that is, experi¬ 
mental fact. According to classical electromagnetic theory , the frequencies 
of emitted radiation should be given by the first of equations (2); for in 
that theory the frequencies agree with the frequency of vibration or 
revolution of an electron and integral multiples of it. Now*from what 
we know about theory and experiment in the case of the hohlraum, we 
might expect a correspondence or agreement*'between the- two views in 
the case of comparatively low frequencies, i.e. for orbits with large 
quantum numbers. Thus from (1) 
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Suppose t" is a large number, and t a number slightly greater so that^ 
r = r + k wlfere h is an integer small compared to t. Then approxi¬ 
mately 



( 4 ) 


Thus according to (4) in this region (i.e. infra-red) the radiation would 
consist of lines whose frequencies arc approximately a harmonic series 
built on a fundamental frequency 2K/t ;) and would be due to electrons 
jumping to the r orbit from orbits adjacent to it but possessed of larger 
energy. But by classical theory revolution of an electron in the -orbit 
would also gi\e a haimonie series of lines wh* sc fundamental frequency 
would be the <» given by (3). If there is to be agreement between the 
two views in this region 
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The particular number of the orbit cancels out and we have the 
following formula for the Rydberg constant— 

27 t-»U a 

K - /,» 

V 

which is in excellent agreement with experimental values of K, e, m, h. 

These considerations show 1 that the classical theory is not to be cast 
aside entirely as useless. In our present position it may be of assistance 
where our as yet imperfectly developed body of quantum principles fails 
to give us a clear lead. Thii? statement recefves an ample justification 
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in the fact Recently discovered by Borfr that on questions concerning 
ndt the frequency alone of^emitted or absorbed light* but also its«state 
of polarisation and its intensity (matters on which simple*}uantum theory 
affords us no direct guidance) the classical theory comes to our aid and 
supplies us with the necessary data for an approximate solution of the 
rather difficult statistical problems involved. In elucidating this further 
point of contact between the old and new, Bohr was led to a view which 
he calls the Principle, of Correspondence. JVe may, before proceeding to 
define ifc more dearly, state it broadly in the following way :— 

A stujfy of any atomic system lead* to the recognition of sets of quantised 
orbits among the infinity of mechanically possible orbits of each electron. 
The motion of an electron in an orbit can be regarded as the resultant of 
three linear vibrations , 9 tich component being parallel to one of the co¬ 
ordinate axes. Further, each of these vibrations can be regarded as the 
sum of a number of different, but simultaneously existing, “ simple harmonic 
vibrations ” whose frequencies bear simple numerical relations to one 
another. 

The method of analysing a compound oscillation into its simple 
harmonic constituents was first discovered by Fourier, and so this 
analysis is referred to as “ Fourier analysis ” and the separate constitu¬ 
ents as forming a “ Fourier series 

* We shall call the frtquency of any of the simple harmonic constituents 
into which the complex actual motion can be analysed, a harmonic 
“ mechanical ” frequency. Classical electromagnetic theory deduced the 
results that the emitted light should consist of lines having “ optical ’’fre¬ 
quencies equal to the harmonic “ mechanical" frequencies and also that the 
intensity and polarisation of the emitted mono-chromatic radiations 
should be determined by the nature of certain coefficients in the “ Fourier 
series ” of the motion of the. electron. Quantum theory, on the other hand, 
discards the classical deduction concerning the agreement of the optical fre¬ 
quencies and mechanical frequencies. In its place it sets up a new method 
of calculating the optical frequencies by means of the series of all possible 
leaps between the members of the group of quantised orbits. But in fhe 
lately enunciated Principal of Correspondence Bohr proposes to make use 
of the other deductions of classical theory concerning intensity and polarisa¬ 
tion of the light. Thus we have, a series of simple harmonic term! in the 
Fourier analysis of the electron motion ; we also have a series of possible 
quantum jumps. It is possible to set up a correspondence between the 
Fourier terms and the quantum jumps, so that to any quantum jump be¬ 
tween two definite orbits there corresponds one, ami only one, term of the 

•**Fourier series. (The method of settirfg up the correspondence will be out¬ 

lined presently.) • • The principle postulates that the information supplied by 
classical theory concerningthe polarisation and intensity of the mono-chromatic 
light, which according to the older idea should be present In the emitted light 
and have an optical frequency equal to the: mechanical frequency of a given 
Fourier constituent, 'is approximately true for the line actually present in 
the emitted light whose optical frequency is given by the quantum leaf 
corresponding to the Founier term in question ; further, the approximation 
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is nearer to the truth as the quantum numbers of the orbits in question 
increase and the ffequencies decrease. f , 

In order tq apprehend the principle more clearly than is possible 
through the previous paragraph, it will be necessary to- acquire some 
familiarity with the harmonic analysis of expressions representing os¬ 
cillating quantities. The basis of this *is the famous theorem discovered 
more than a century ago by Fourier that any periodic phenomenon, 
however complex, could be represented mathematically by the sum of a 
number of terms each representing a simple harmonic oscillation of the 
varying property in question. The proof of this theorem can be ob¬ 
tained in any of the standard works on mathematical analysis." We will 
give a few simple illustrations here. 

The simplest illustration of a pure harmoniffmovement is the motion 
of a point backwards and forwards along the diameter of a circle, pro¬ 
vided the point is the projection on the diameter of another point which 
is travelling uniformly round the circumference of a circle. Calling the 
centre of the circle O, the point on the diameter P and that on the cir¬ 
cumference Q, we can write 

x = a cos 2tt?v, 

where" x — OP, a = radius of the circle and 2irw = Z_ POQ. Obviously 

w increases uniformly with the time and we can write « 

« 

w = U)t + o, 

where w is the frequency or number of oscillations of P (i.e. rotations 
of OQ) per second and 8 is an arbitrary constant angle. It is customary 
to refer to w as an “ angle variable ”. The term does not so much im¬ 
ply that tv is an angle as that it is a variable which is a linear function 
of the time. It will appear presently that cases arise in which the “ angle 
variables ” are not angles, and in which angles that might be used as 
co-ordinates to define the configuration of a system, arc not angle 
variables because they do not alter uniformly with the time. The important 
point to observe about this simple illustration iS!" that the behaviour of a 
co-ordinate x which does not vary uniformly with the time is expressed by 
means of a variable w which does do so. Now what Fourier was able to 
show is*..hat whatever be the nature of a vibratory motion executed by 
P to and fro along a line through O, it could be represented by the sum 
of a series such as that on the right-hand side of this equation— 

x**a cos 2-n(w + h) + a cos 2ir(2tt> + 8') + a" cos 27 r( 37 £/ + 8") + etc.. (6) 

In this w is once more an angle variable given by • 

W = bit, 

where v> is the fundamental Fourier frequency. The result of Fourier’s 
analysis of a complex vibratory motion as stated thus shows that it is 
the resultant of a number of simple harmonic oscillations each with a 
definite amplitude (a, a', etc.) and each having one of the series of har¬ 
monic quantities w, 2a>, 30), etc., as its frequency. The quantities 8, 8*, 
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y # f «tc., are usually called “epochs” 1 and serve to define at what 
moments each* simple vibragon attains a definite phafe. Thus in»the 
fundamental vibration the displacement clearly attains its maximum posi¬ 
tive value (i.e. a) at times given by 


1 a- 8 


2 - 8 


Theoretically the number of simple bar monte terms is in general infinite, 
but in pfactice the number is limited by the fact that beyond a certain 
term the amplitudes become negligible. Thus in the analysis of the 
tidal oscillations of the estuary of the Mersey about forty terms are used. 



Fig. 22.— (From N. Campbell's Modern Electrical Theory , Supplementary Chap. XV., 
“ Series Spectra,” Cambridge University Press, 1921.) ^ 

This illustration concerns a case where there is only one degree of 
freedom. We can easily extend it to two degrees or three. »Thus 
taking x and y to represent Cartesian co-ordinates of a point we can 
Write * 

* x = a cos 2ir{w 1 + 81)1 . . 

•* y b cos 2ic\yv-i + 

where w , = and w* =■ are two angle variable. We are now 
following the oscillations of a point P in a plane by studying the two 
projections on the afces. In general, if oj 1 and are incommensurate 
(t.e. their ratio cannot be represented exactly as the ratio of two integers ), 
tbe path of the point never returns on itself. It fills up closdly all the 
ipace inside the rettangle x 7= ± a, y =*± b (as in Fig. 22^, meaning 
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that, having assigned arbitrarily the position of a point in the diagram, 
the^path will, after a sufficient lapse of tir^e, pass os close as we like to 
this point. If however, and «i> a are commensurate, i.e. are integral 
multiples of a common factor, the path is closed ; and we have what is 
commonly called in quantum theory u ( “ degenerate case ”. In particular, 
if o>j = w,j, t the path becomes an ellipse touching the sides of the 
rectangle. If in addition = K, the path becomes a diagonal of the 


rectangle. If a — b , and ^, the path is circular. o 

2 ( 

For the case of three degrees of freedom we introduce three co¬ 
ordinates and write 


x — a cos 2v{i + Si'll 

y = b cos 2-iriyv^ + 9 \ ■ • ■ (8) 

c = c COS 2tt(7£' 3 + h.j) J 


where 7fq = hi/, ?ik, = m->/, ?v a = o >./ arc three angle variable. In 
general, the path is unclosed, filling up closely the volume within the 
rectangular parallelepiped .v = ± a, y = ± b, z = ± c. If, however, 
two of the frequencies are commensurate, or if a relation such as 


/(|>1 + muh> + 7/OJj = o, 

where /, m , n ( are integers (positive or negative) is true, then the motion 
is “ singly degenerate ” ; the path is still unclosed but does not fillup 
the whole volume ; it merely fills up the area of some two dimensional 
surfaces, which touches the faces of the parallelopiped. E.g, if a>j = w 2 , 
hut uj., is incommensurate with either, the path winds hack and forth, 
ncvei returning on itself, on the surface of an elliptic cylinder with the 
axis of z as axis. If two relations, such as the above, exist, i.e. if all 
three frequencies are commensurate, the movement is “ doubly de¬ 
generate ” and the path returns'on itself after a finite number of spirals, 
and does not fill up even a superficial extension. 

If the oscillation with three degrees yf freedom is not simply 
harmonic in each component, we can as before analyse each component 
and write— 

x = a‘\rts 27r(w/ + 8j) + a cos 27r(2a> 1 /+ 8/) 4- a" cos 27r(3u> 1 /'+8 1 '')-t-etc.'j 
y — b COS 27r(un/ +&.) + // COS + &./) +- b" COS 27r(3w 2 /+ S./') }- 

Z = C COS 27r(a) 3 / -|- 8 3 ) + C COS 2 7t(2o> 3 / + 8/) + c" COS 27r(3w</ + <$ 3 ") 

( 9 ) 

We proceed to a further generalisation in the analysis of vibratory 
motion and to do this we reeohsider the case of a simple vibrato!^ 
motion along a straight line through the origin, the line itself, however, 
turning in the plane OXY with a uniform angular velocity (Fig. 23). 

Let w x be the iihgle variable for the simple harmonic motion so that 
w x = ioj/; let u>2 be the frequency of revolution of the rotating line ; 
then the polar co-ordinates of the point at time t are 

r = a cos 2tt(u>\ + S t ) 

0 = 27 r(< V>/+ &,) = 27 r( 7 t» a '+S 2 ),. 

I 

f 
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where a is the amplitude of the harmonic oscillation, and 8 t and 8 2 are 
arbitrary epoch angles. % ' 

The Cartesian co-ordinates are given by • 

* 

x — r cos 6 = a cos 2ir{w± + 8 J cos 2 ir(w» + 8 „) 
y = r sin 6 = a cos 27 r(&q + 8 j) sin 2ir (w 2 + 4 ) 

or 

x = \n cos 2tt[w x + w-i + S 1 + 8 ;,) + hi cos 277(7- it’., + 8 , - 8 2 ) 
y = «in 2 rr( 7 ^j + tv., + & x + 80) - sin 277(7^ - w., + 8 1 - 8 .J 
= ha cffs 27 r( 7 f^ + w.j + 8 1 + 8 2 - J) + \a cos 277(7^ - + 8 t - 8 2 + ]) 

which can be written— 

x = \a cos 277(77^ + % 7f/ 2 + e) + \a cos 2^(71^ - uk, + <•') ) / \ 
V = \a COS 277 ( 7 ^! + 77»o + e") + h a cos 27r(7f», -w> + e'")) ' ' ’ 



The figure (Fig. 23^ described in this case is a rosette shaped 
figure which returns on itself after a finite number of loops if <1^ tffid 
w., are commensurate; it does not do so, but fills up closely the area 
within the circle r = a, if w, and oj 2 are incommensurate# The 
difference between (7) and (10) is obvious at a glance. Further, if the 
vibrations along the rotating line were compounded of many simple 
harmonic vibrations so that r would be equal to the right-hand side of 
(6), then instead of (10) we should have x and y equal individually to 
Ahe sums of such terms as • 

*' * a v cos 2ir{pw x ± w t + e), 

where p is integral. Finally, if the rotation of the Ifhe were not at a 
uniform rate, we could not equate 6 to«n angle variable ; but as cos 6 
and sin i) are periodic functions of 6 , returning to their former values 
after an increase of 277 in 6 , wa could expand them as Fourier series of 
the angle variable w.,, where 7 V.> = ix^t, w 2 being the average* frequency 
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of rotation over a long period of time. On considering the result of 
multiplying a series expression for r in terips of Z£/ lt by a series expression 
for cos or 6 in terms of w. M the reader will realise after a little 
thought and pencil work that x and,y each become series expressions, 
such as 

* = cos 2 w(/>zv l + gtv 2 + 8 W )\ r n \ 

y = V' P0 cos 2ir{/>7v 1 + m + € pQ )) ‘ • v / 


Here J> and q are integers which may theoretically have ?ny values 
between - co and + oo, and there are theoretically as many terms as 
there arc ways of choosing a pair of integers from all negative and 
positive integers. a w and b vq are amplitudes for a particular term and 
8 ^,, and € vg epochs. In practice, a limited numberiof terms are sufficient 
to give reasonable accuracy. 

The extension to three dimensions is obvious. The most general 
expression for the vibratory motion of a single point in space is given 
by 

.r - 2 tl vas COS 2 Tr{pW x + qn >. 2 + S 7 l' s + 

y = ^p«,COs 2rr{p7V i + qw-i + SU> 3 + € vqs ) V . (ia) 

c =» Hc VQS COS 27 r(/>w l + qWi + sw 3 + Cjns) J 

Here/, q, s are a triplet of three integers (positive or negative), the 
a, b, c symbols are amplitudes, the 8 , e, £ symbols are epochs; w v w v 
w a are angle variables, i.e., aq/, mJ, where oq, o> 2 , w 3 are three 
fundamental frequencies. It should be noted that in cases where the 
motion is not “ degenerate ” in the sense refeired to above, we must 
have at least three distbict fundamental frequencies, since we have for a 
moving point three degrees of freedom. If, for instance, tq and w 2 
were commensurate, their common factor would replace them as a single 
fundamental frequency, or if a relation of the form 


Aq + 77t(Oo *f* tl W;j = O 


(/, tn, n being integers, positive or negative) Existed, there would again 
b6 only two fundamental frequencies and the path would ultimately 
only fill up closely a portion of a surface, instead of a volume of space. 
If twd.‘ , 'elations of the above form existed there would only be one 
fundamental frequency and in finite time the path would begin to 
repeat itself exactly. 

O'i course it is possible to introduce more angle variables, but the 
justification of this leads us into general dynamical theory. We must 
content ourselves by simply stating that if a system has n degrees 
freedom, and is not degenerate, there are « fundamental frequencies 
involved and n angle variables required for the expression of the co¬ 
ordinates of any'point of the system, which then become individually 
the sum of terms such as c 

a COS 27r(jp«q + S 2 W 2 + S-j7V 3 + . . . -f s n w n + 8) 

where s v i 2 ; s 3 . . . s n are a set of n integers, a and 8 being amplitude 
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and epoch, in general, different for different terms or for the same term 
in the series for* different co-ordinates. * 

Before leaving this subject of Fourier analysis it might as well to 
refer to it in connection with the types of orbits which occur in con¬ 
nection with atom theory. Unde^ the influence of an inverse square 
law the unperturbed path of an electron will be in general an ellipse 
round the nucleus (more precisely round the centre of gravity) as focus. 
The two most natural co-ordinates for the,electron are the polar co¬ 
ordinates t, distance of electron from focus, and 9 , angle which the 
radius vectoj to the electron makes with the major axis. It should be 
clearly realised that 9 could not be an angle variable ; it does not alter 
uniformly with time. Hut it is not difficult to discover an angle variable ; 
for it is one of Kepler’s well-known laws of planetary motion (deducible 
simply from the fact that the force is directed towards the focus), that 
if P is the electron, S the focus and A an extremity of the major axis, 
then the area of the elliptic sector SAP varies directly in proportion to 
the time. Hence the quotient of the area SAP by the area of the 
ellipse is the angle variable, for if multiplied by 27 rwehave an angle which 
alters uniformly with time and increases by 2tt while the radius vector 
SP varies from its maximum to its minimum value and back once more 


to its maximum, or while the azimuth 9 varies by 27 r; i.e. cos 9 and 
slh 8 go through a complete period of their values. In an unperturbed 
ellipse only this one angle variable is required to describe tfie oscillatory 
behaviour of the moving electron. It is a completely degenerate motion, 
i.e. purely periodic as distinct from the “ conditionally periodic ” motions 
referred to above, where the path never quite returns on itself but 
ultimately fills in closely a portion of two-or-three-dimensional space 
Now in atom theory it is these conditionally periodic motions which are 
of extreme interest. We never actually have unperturbed elliptic motion 
of the electron. By reason of the perturbing effects of other electrons 
the ellipse> is, as it were, rotated slightly from its previous position by 
the time the electron has travelled round so that we get a path as 
indicated in the Fig. 24. 

Even in the case of the hydrogen atom where there is only one 
electron, and no other electrons come in to perturb its path, yet on 
account of the variability of mass with speed, which is a featured the 
new Relativity dynamics, there is a slow precession of the axis of the 
ellipse. (This brilliant suggestion of Sommerfeld has led to a remarkable 
elucidation of the fine structure of the Balmer lines ; cf. Appendix IV.) 
Added to this we frequently have to deal with perturbing effects due to 
aif^external electric.field (Stark effect) \>r to an external magnetic field 
(Zeeman effect) or*to the fields of neighbouring atoms (pressure shift). 
All these produce similar effects on the simple elliptical path. Under 
such circumstances we must introduce at least two angle variables; we 
should require a third if the plane of the»oibit should also change, but 
we shall leave that case aside for the moment. It is not difficult to see 


why two angle variables are required, since the time in which the radius 
vector r returns to its maxirftum value (apocentre) is not quite the same 
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A r. 

* • * 

as the period in which the azimuthal angle $ (with a fixed line in the 
pV ne now) increases by 2ir so that cos 6 ^md sin t 0 pass through a cycle 
of values, 'i'he value of the frequencies, viz. u>, the azimuthal frequency 
(i.e. the number of times per second the azimuth increases by 27r) and o>' 
the radial frequency (i.e. the number of times per second the radius vector 
goes through a complete cycle of values), are not very different, but 
some difference there must be unless the motion is to degenerate into a 



» d.<p 

Fig. 24.—(From N. R. Campbell’s Modern Electrical Theory , Supplementary 
Chap. XV., Cambridge University Press, 1921.) 


purely elliptical movement. The actual mathematical solution of the 
problem to express the Cartesian co-ordinates x and y of the perturbed 
electron referred* to axes with focus as origin, is not a bit of elementary 
mathematics ; it can be done and the inquisitive can find out by 
studying a book on “ Planetary 't heory ”. 

We may state the fact simply .thus : for a conditionally periodic 
motion of an electron in an orbit whose plaiie is not altering— 
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x 

y - 


»*S b 


PQ COS 2ir{pw +*qw + S VQ ) 


VQ 


CgS 2tr(pW + qw' + 


S.)/ *■ 


(i- 3 ) 


Here/ and g are integers (positive or negative), and $ vq are ampli¬ 
tudes, w = wt and w — to'/ where o> is the “azimuthal ” frequency and 
<*>' is the “ radial ” frequency. * 

Returning, after this rather long digression on Fourier analysis, to 
the Principle of Correspondence we have first to show how to set up 
a correspondence between a quantum transition from one orbit to 
another and a Fduricr term or simple vibration in (13). Suppose we 
have an orlfit whose azimuthal quantum number is u and its radial 
quantum number is n' ; and suppose the leap of the electron is from 
this orbit to one in which %Lhe azimuthal and radial quantum numbers 
are respectively k and k’. Let— 


and 



p and g may lie positive or negative. 


then this leap is said to correspond to the terms in the x and y ex¬ 
pansions (13) involving the argument pw + giv\ i.c. the simple com¬ 
ponent vibration whose azimuthal “order-number” {<>rdnungszahl) is p 
or n — k and whose radial order-number is g or n — k'. Such a 
simple vibration has a Fourier frequency pu> + gw ; but, of course, as 
already emphasised, this is not the frequency of a line ill the emitted 
light on the quantum theory; that would be given by dividing the 
change in energy alter the jump by k. .Still for large quantum numbers 
and small differences p and <7, the quantum frequency and Fourier 
frequency approach one another in value. But classical theory further 
asserted that these terms in (13) also gave the intensity and polarisation 
of the light of this Fourier frequency which could be emitted (or ab¬ 
sorbed) if this theory were correct. This it did by means of the 
amplitude coefficients a VQ , b vn and the epochs l> vq , t pq . E.g., if b pa were 
'zero, the intensity of the light should be proportional to d“ pq and it 
should be polarised at a plant Q with the electric vector in the plane 
OXQ and perpendicular to OQ. If H pq = t pq it would again be lineally 
polarised with intensity proportional to d l vq + b 2 vq . In general it 
would be elliptically polarised. Now what the Principle o£a* 5 orre- 
spondence postulates is that this information is still approximately 
correct for the actual light emitted in quantum jump n — k = p , 
ri — k' — g. Presumably this statement is correct in the regidn of 
slow vibrations, and Bohr simply suggests that until our body of 
quantum principles is more fully developed, this extrapolation will be 
of service. It has, in fact, yielded theoretical results in some cases in 
remarkably good agreement with experimental observation. There is 
one difficulty, however, which may have occurred to jthe reader which 
we should remove before proceeding. In the above statement of the 
principle do the a pa ;.b pq , S vq , refer to the initial orbit or to the 
final? To be sure for two orbits with large quantum numbers and 
small differences the values*of these quantities would not seriously vary; 
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* * . 
but for moderate quantum mimbers and comparable order numbers, 
thV amplitude^ and epochs for one ortyt mights differ seriously from 
those of the *other orbit. The frequencies <d and *a might differ also 
in the two cases, but that could not affect questions of intensity and 
polarisation, and in any case frequency is determined by the quantum 
rule and not by Fourier terms. The way which Bohr suggests to evade 
this difficulty is purely tentative (as indeed the Principle itself is). He 
points out that there are an infinity of orbits mechanically possible, inter¬ 
mediate to the initial and final quantum orbits considered. * They are 
given by the fact that the “ modulus of azimuthal periodicity,” of any one 
of them is equal to— 

\n' + X(n - n')\h, 

where X has a value between o and i. The “modulus of radial 
periodicity ” is equal to— 

'/■' + X(h - h')}h. 

These are, of course, not quantum orbits, since the multipliers of h in 
the above expression are not integers. Bohr now suggests that the 
average of all the for these orbits is what should be used in his 

rule for polarisation and intensity and similarly for the remaining 
quantities. 

In actuaf calculations this averaging requires some mathematical 
dexterity, but the procedure is not so arbilraiy as it might seem ; for it 
appears on investigation that the optical frequency given by the quantum 
jump between the two quantised orbits is equal to the average taken 
over all the intermediate orbits of the corresponding component 
mechanical frequency which exists in the motion of the electron when 
it is resolved into its Fourier constituents. 

It may be as well to emphasise the nature of the correspondence 
principle once more. The frequencies in the radiation from the atom 
are not the frequencies of the harmonic components of the periodic 
orbital motion, but there is a correspondence between a quantum 
frequency and a harmonic component such that if the harmonic com¬ 
ponent is present in the orbital motion then the corresponding quantum 
jumpT^possible ; the greater the amplitude of the harmonic component, 
the more probable becomes the quantum jump and the radiation in 
question is more intense. Further, the state of polarisation of the 
emitted radiation is determined by the direction of the linear vibration 
which constitutes the corresponding mechanical constituent in the 
orbital movement. ' • 

This principle helps to fill a gap which must exist *>n our information 
concerning intensity and polarisation so long as the mechanism of 
radiation is uni nown ; such mechanism being, on account of the 
discontinuity involved, totally* different from the process envisaged in 
the classical electrodynamics. Einstein, who was the first to face the 
result of admitting this discontinuity jn a logical fashion, has succeeded 
in proving the Planck law for full radiation, while forsaking any 
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appeal to continuous processes, and ysing only a general thermo¬ 
dynamic law cpncerying radiation due to Wien, and known as Wien’s 
displacement law. In the*course of his analysis Einstein has to 
introduce certain coefficients which measure the tendency within a 
given time interval for an atomic system to pass spontaneously and 
without the aid of external radiation from one of its stationary states to 
another of lesser energy (cf. Chap. V., section entitled “ Einstein’s use 
of the generalised Bohr model to deduce ^he law of Planck ”.) Such 
a coefficient (represented by A£) is defined so that in the time interval 
dt the probability that an atom will spontaneously pass from a stationary 
state denoted by a to one denoted by /? is A^dt. For his particular 
purpose Einstein requires no special information concerning these co¬ 
efficients as Wien’s displacement law comes to his assistance, but it is 
clear that these quantities will play a very important part in the 
development of the mathematical analysis of the Bohr atom. The 
suggestion of Bohr that the coefficient A£ depends in some way on the 
average amplitudes of the component of mechanical vibration corre¬ 
sponding to the jump a to y 3 is a first step towards their formulation, 
but any attempts at determining the functional relationship between 
A£ and the amplitude are still tentative although they have given 
fncouraging results in one or two important cases. Even if these 
coefficients, the a priori probabilities of definite quantum jumps, were 
thore completely known than they are, the problem of intensity of the 
corresponding radiation is not yet solved unless account is also taken 
of the probability that the atomic system is actually in the initial 
stationary state (the state a). So, altogether, the mathematical physicist 
has an exceedingly difficult problem to solve. He has in all probability 
had his feet set in the right road, but it will be rough going. 

One or two simple illustrations of the use of the correspondence 
principle may be given in conclusion. 

• Consider, for instance, the ideal linear oscillator of Planck with a 
simple mechanical frequctw w, so that its displacement equation is— 

x — a cos 2 Truii. 


Now, the theory referred to above leads very simply in this cas£*fo the 
calculation of a modulus of periodicity; for the velocity at time t is 
given in magnitude by 2ir(oa sin 2irwt , so that the kinetic energy is 
2Tr s mu?a 2 sin 2 2irwt; if this is doubled, multiplied by dt and integrated 
from o to i/<o we get zt^rn^d 1 as the modulus. Hence the nth 
Stationary state of the oscillator has an'amplitude a n given by— 

27 r^miaa* n = nh. 

j 

Bill; the energy of a vibration with this amplitude is— 


t.e. 


2irmu?ap^ 

nhm. 
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In jumping from the state n tp the state k the oscillator- should there- 
foi'f emit a radir.tion whose frequency is—^ 

*- nh<ti — khui 

h 

or (;/ - Ar)o>. 

That is, the radiation should consist of lines with optical frequencies 
<i> and any integral multiples' of «>. Now it is essential in the use which 
Planck makes of his oscillator in the theory of full radiation that the 
radiation emitted should he monochromatic and of frequency w. That 
was provided for in his work by assumptions involved in his view that 
absorption should be continuous, emission discontinuous; a view that 
naturally finds no place in the stationary state hypothesis of Bohr. Is, 
therefore, Planck’s proof of the full radiation formula invalid on Bohr’s 
assumption ? By no means. Looking at the equation for the mechanical 
frequency above we find only one term and that term involving w; 
there are no terms involving 21, >, 30, 40), etc.; in other words, the 
amplitudes corresponding to “ order numbers ” 2, 3, 4, etc., arc zero. 
Hence the probabilities of jumps involving a decrease in the quantum 
number of 2 or 3 or 4, etc., aie also zero. In short, in any jump the 
quantum number can only altei by unity ; and so in the above ealcUf 
lation « — k *an only be unity. Thus the validity of Planck’s proof is 
maintained in the new physical theory by the correspondence principle. 
As a matter of fact, we see it here acting as a selection principle, i.e. 
selecting certain jumps as possible, and ruling out others as impossible. 
A very notable use of the principle in this way, but one into whose 
mathematical details we cannot enter, shows why in the hydrogen 
spectrum, for instance, jumps between certain orbits are ruled out. In 
fact, if the jump between two orbits involves change more than unity 
in the azimuthal quantum number of an orbit, the correspondence 
principle when applied in detail rules it out, for it shows that in the 
harmonic analysis of the orbital motions only the order number unity 
appears for the azimuthal co-ordinate. (Care must be exercised here 
not to acquire the idea that this limits the change in the total quantum 
numWus.to unity, a mistake which would reduce the Balmer scries, for 
example, to one line H„.) 

This selection of possible jumps plays an important part in the dis¬ 
cussion of the intensities of the “ fine structure ” lines into which each 
of the lines of hydrogen is analysed by a spectrometer of high resolving 
power. A similar investigatiop has proved very successful whgn 
applied to the effect of electric and magnetic fields on the structure 
of the ionised helium lines (Stark and Zeeman effects). But a case 
which will appeal more readily to readers of this volume is the fol¬ 
lowing. 1 

Observations on the absorption spectra of diatomic gases show that 
certain strong absorption bands (band heads),' which, according to 
general evidence, can be ascribed to the relative vibratory motion of the 
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two atoms, are present unaccompanied i>y bands whose frequencies are 

integral multiples of # the frequency of this strong one; if so accom¬ 
panied, these harmonic bands are but faint. This fyids a natural 
explanation, according to the correspondence principle, in the postu¬ 
late that the passage of the molecule from a stationary state to a non- 
successive state is impossible or at all events improbable, because in the 
harmonic analysis of the relative vibratory motion the amplitudes of all 
but one term are negligible. But we find ,a still further application if 
we consider the “ fine structure ” of these absorption bands which, in 
accordance with !in idea first propounded by Bjerrum, is now ascribed 
to rotation'bf the vibrating molecule around an axis perpendicular to the 
line joining the two atomic nuclei. Calling the moment of inertia of 
the molecule about this a. is J, we have to quantise this rotatory motion. 
Let the frequency of the rotation be a>, so that the angular velocity is 
2fr<u. The kinetic energy is ^ J( 27 ro >) 2 or 27 r‘*Juj 2 ; the accumulation of 
action during one period of rotation is qTr-’Jar x '/«>; i.e. the modulus 
periodicity is 47r 2 JtD. Hence in the stationary states of rotation, the 
frequencies of rotation, u>j, w 2 , u> 3 , etc., are given by— 


4^“ J “>1 = A , 

47T i! J<i>2 — 2 h, 
47T 2 Jw 3 = 3//, 
etc. 


The energies of rotation in each state, 27 r 2 Joq 2 are clearly A.i J , A. 2* 
3 2 , etc., where 

A h 1 
8tt 2 J 


(In this it is assumed that J is the same for each state.) 

Let v denote the frequency of the vibratory motion of the atoms 
then in the stationary state whose vibration quantum integer is n v and 
whose rotation quantum ivtegcr is n„ the total energy (vibrational and 
rotational combined) is— ■' 


njiv + An r 2 . 


- uo 


As we are considering absorption we consider the quantum leap to a 
state of larger total energy, whose quantum numbers are k v and k r 
and whose energy is— • " 

kjiv 4 - Akp 


0 It should be carefully noted that oifcing to the preponderating value 
of the first term in these expressions, k v must be greater than n v , if the 
second state has larger total energy, but that k t is not necessarily greater 
than n r ; in other words, the rotational part of the eneigy in the second 
State may be less than in the first. Ap^Vng the frequency rule for 
such a jump the frequency of the absorbed radiation should be— 

(*v * v )v + B(V + n 2 ), 
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where 

C 


Now by the application of the correspondence principle already made to 
vibratory motion we assume that only leaps in which n 9 changes by 
unity are possible, so that the lines become— 

•w + B(/6 r * - n r l ). 

Now a similar restriction is put on the rotation quantum yumps; for a 
glance back to the analysis of the earlier part of this appendix will 
remind the reader that the imposition of a rotation of frequency <o on 
a system introduces m the Courier analysis of the movement an expres¬ 
sion ± 2ino/ into the sum of multiples of the angle variables which occurs 
after the cosine in any of the l'ourier terms. Now by the principle this 
implies that any possible jump will only allow the corresponding quantum 
number to change by plus or minus unity. (We barred out the possi¬ 
bility of a change of minus unity in the vibration quantum number, 
as this would lead to a negative frequency.) As a consequence, 
k T n r ± i, and so a whole host of lines apparently possible on an 
elementary quantum view are ruled out and the following selected— 

*' v± .vB, 

where is any odd integer. 

Observation of the “rotation-vibration ” spectrum of IIC 1 gives 
remarkably good support to this conclusion. (It so happens that the 
line v + B is actually missing. This, however, does not aiise as a con¬ 
clusion from the conespondence principle. Its explanation depends in 
all probability on the fact—revealed by this gap in the line spectrum— 
that the state of the molecule in which there is neither vibration nor 
rotation is extremely improbable.) 
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APPENDIX VI. 


Molecvlar Rotations and Infra-red Absorption Spectra of 
# Gases. 

[Cf. Kralzer, Zcitsch. Physik , 3 , 289 (1920)). 

Tins subject has been discussed up to u certain point in the section of 
Chap. V., “Infra-red absorption spectra of gases”. We have there 
considered the change in the molecular motion from a state denoted by 
(«, m) to a stale {n\ in) where n (or n ) is the quantum number char¬ 
acterising the vibrational energy of the atoms in the Bohr sense, and 
m (or m) refers to the quantum numbei of the rotational state of tin; 
molecule. If the change considered gives rise to the absorption of-one 
quantum of energy of frequency v"; this frequency may be found 
i>y equating the quantum hv\y to the difference in tlje two energy 
contents of the molecule in the two states, thereby giving— 

,A = v hi - n ) + - ,l (;//'" - m~k) . . (1) 

The quantities represented by //, n\ m, m, are integers, and up to 
this point we have regarded any combination of numbers as permissible. 
To account for the whole of the observed facts, however, notably for 
the absence of the central absorption sub-band itself and also for the 
next sub-band on one side of this central position in the (approximately) 
symmetrical broad band (which is composed of many sub-bands), Kratzer 
has introduced the important limitation that all numerical combinaticws 
of the two (rotational) integers m and m are not permissible. In order 
to determine the physically possible transitions of the molecule ^opsone 
rotational state 1 to another use may be made of Bohr’s Principle of 
Correspondence {cf. Appendix V.). 

On the basis of this principle as applied to the present case wejiave 
seen all transitions are excluded except those involving unit change in 
the integer m. 

♦ Bearing this in .mind equation (1) rtiay be written— 

*£.«-» 1 v ^ n ' “ ;/ ) + ± *) 2 ) M 

0, i, 2, 3,*etc.; 

1 Since the moment df inertia 1 of the molecule is regarded as constant, or prac¬ 
tically so, we cannot speak of different rotational orbits in the same sense as Bohr 
electronic orbits. Rotational states are assumed to differ from one anoihfcr jdiscon- 
tinuously) in respect of speed oT revolution of the jnolecule. 
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w\th the restriction that m — t is excluded when m => 6, since only 
positive values of the quantum number are tontempteted in equation (i). 
We would expfcct therefore a series of narrow absorption sub-bands in 
the near infra-red with a common frequency difference kj^ir 2 !, grouped 
on either side of a central frequency *v*'” = v v (ri — n) thus— 

m — 4—>3 3—*-2 2--»i 2—>3 

m 

Comparison with experiment, especially in the case of the halogen 
hydracids, shows that the predicted series is justified as regards the 
general grouping, but that experimentally twef sub-bands are missing in 
the absorption spectrum, namely those corresponding to v () , 0 and v 0 , y 
The sub-band r 0 , (( would he given by a change in the energy (and con¬ 
sequently the frequency) of atomic vibration in a rotationless molecule, 
and its absence would point to a very small probability of existence of 
the zero state of rotation. The available evidence in the field of mole¬ 
cular heats of gases seems to point to the same conclusion (cf. Reiche, 
Ann. Physik , 58 , f>57, 1919). If we admit the improbability of exist¬ 
ence of the rotationless molecular state, however, it would also appear 
necessary to occlude the possibility of the changes 0^1, and the tw& 
sub-bands corresponding to these transitions should be absent from the 
observed absorption spectra in addition to the v ( „ 0 frequency. Actually, 
however, only one of these sub-bands is absent, namely that correspond¬ 
ing to the o —> 1 transition, the transition 1 —> o being observable. 
(Note. —The change from o to 1 is clearly one involving absorption of 
energy. The rotational term in equation (1) is therefore added arith¬ 
metically to the vibrational term, thus giving a frequency which is greater 
than that of the central position itself. That is, not only is the central 
sub-band itself missing but also the next sub-band on the short wave 
side of the central position.) To explain c the apparent discrepancy 
teratzer assumes that the zero rotational state is by no means an impos¬ 
sible state. The evidence of specific heats and the absence of the 
frequency v 0 , 0 merely indicate that the life of the rotationless state is 
vanishingly small, asserting nothing as to the possibility of its occurrence. 
It is conceivable that the rotationless state could be produced under the 
influence of a radiational field, but only exist for a very short time and 
be changed by any extraneous circumstance into a more probable state. 
Note that it is thereby assumed that the act of absorption is not deter¬ 
mined by the life of the molecule in the end or second state of the 
transition which accompanies the absorption. On -the other hand, it 
might reasonably be expected that the radiation must act on the mole¬ 
cule in its initial state for a finite time in order that absorption may take 
place. A finite statistical probability is therefore required for the initial 
state. This condition is fulfilled for the m = \ state of rotation, but 
not for the zero state, and hence the absorption,sub-band corresponding 
to the* transition r —► o will_ appear, whilsf "that corresponding to the 
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reverse change o -*> i will be absent. *From a similar line of reasoning 
applied to the casepf emis^on Kratzer concludes that here the rqyerse 
effect will take-place, i.e. the emission sub-band 1 -*» o \yll not appear. 

In addition to the apparent anomaly just discussed between the 
predicted and the experimental^ observed number of sub-bands con¬ 
stituting the cpmplex short infra-red band, a further discrepancy occurs 
in connection with the spacing of the absorption maxima. According 
to the simple theory, expressed in equations (1) and (in) above, the 
maxima* should^ be equidistant from one another. Actually a slight 
asymmetrv is observed in the grouping about the central position in the 
case of HF, HC 1 , and HBr as already pointed out in Chap. IV. The 
bands tend to crowd together towards the short wave end of the 
spectrum. To explain Ihis asymmetry Kratzer considers that the atoms 
in such a dipole as HC 1 do not behave as simple harmonic oscillators, 
i.e. the restoring force is not exactly proportional to the displacement. 
This will affect not only the term expressing vibrational energy but also 
the moment of inertia of the molecule on which the rotational term 9 
depends. On the basis of a more general law of force Kratzer has 
calculated corrected positions of the absorption maxima which are in 
excellent agreement with the positions observed for the three gases 
mentioned. 

It is to be remembered that the whole of the above considerations 
refer to the structure of the absorption band in thcVshort infra-red 
region, this band being compounded of atomic vibrational motion along 
with molecular rotational terms. The individual rotational tends them¬ 
selves apart from atomic vibration should in general be observable, but 
naturally only in the very far infra-red. In this region, which has not m 
yet been examined sufficiently, there should be one missing line corre¬ 
sponding to the change from rotationless state to m = 1, since the 
rotationless state is fugitive. Naturally in this far infra-red region we 
cannot expect to find in the absorption spectrum any tends correspond¬ 
ing to changes from higher values of m to lower values since such 
transitions by themselves would mean emission and not absorption.* # 
The longest rotational band on the above basis giving rise to absorption 
should correspond with the change m — 1 to m — 2, i.e. the frequency 
of the starting band of the series in this region due solely 0 b rotation 
should be $/i/&ir“l. This conclusion should be verifiable experimentally 
in the case of gaseous halogen hvdracids: at present (1923) experi¬ 
mental data are insufficient. In the case of water vapour the value of 
3/6/8 tt 2 I would correspond to a wave-length 115*6//, which is by no means 
the 1 Qnges t wave-length actually obsarved by Rubens {cf section on the 
infra-recrabsorption spectra of gases in Chap. V.). It must be remem¬ 
bered, however, that the H 2 0 molecule has two unequal moments of 
inertia and consequently equation (1) employed abo%; is inadequate. 

♦ 

. Note on Molecular Precession. 

In the foregoing gection tha type of molecular motion dealt with * 
has been rotation around an axis which is perpendicular* la the line 
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joining the two atomic nuclei i,n the case of a diatomic gas molecule 
( cf. £hap. I., Fig* 3^), and it has been tacitly assumed that the moleciile 
possesses no intrinsic spin round the nuclear axis itself.. Kruger, how¬ 
ever, has pointed out (Ann. Phys. % 50 , 34b; 51 , 45 °, 1916) that such 
a spin, if it really existed, would give to the molecule the properties of 
a small gyroscope, free of course from gravitational influence. „ Inci¬ 
dentally the pure translational motion of such molecules is the same 
whether the molecules pos^ss gyroscopic properties or not, t.e. the 
translational energy corresponds to the familiar three degrees of freedom. 
But at least two additional degrees of freedom must exist to account for 
the magnitude of the specific heats of diatomic gases. These additional 
degrees of freedom have been ascribed, in the first place, by Bjcrrum to 
simple rotation of the molecule as a whole, the axis of rotation being 
necessarily perpendicular to the figure axis or line joining the nuclei. 
However, the fundamental equations of gyroscopic motion show that a 
gyroscope cannot carry out any rotations, but it can be put into a state 
of oscillatory motion which, m the ease of a symmetrical gyroscope free 
from external forces, corresponds to a regular precession. This type of 
motion called by Kruger processional vibration is that illustrated in 
Chap. I., Fig. 3</. It would be more correct perhaps to call such 
motidn, Poinsot motion. 

Gyroscopic motion would be conceivable if the electrons in a mole-* 
rule were arranged in rings, eieh ring containing several electrons. 
This was in fact the kind of model envisaged in the older theories of 
atomic structure. 1 The more recent views of Bohr (dealt with in 
Chap. V.) deny the existence of such rings ol electrons, and on this 
basis therefore it would seem improbable that rotation round the axis 
joining the nuclei would occur. 

There is other evidence pointing to the absence of angular momen¬ 
tum round the axis joining the nuclei in such diatomic gas molecules as 
H a and No. If motion of the gyroscopic type occurred it would indicate 
a structure which would be expected to exhibit magnetic properties. 

' The absence, however, of the Zeeman effect *tn the band spectrum of 
hytrrogen (which spectrum is attributed to the molecule as distinct from 
the atom) shows that the molecule does not possess any magnetic 
momentvround this axis. In the same way the characteristics of the 
“cyanogen” band spectrum ascribed now to the nitrogen molecule 
would again point to the absence of angular momentum round the 
figure*axis, i.e. the line joining the nuclei. The state of zero angular 
velocity around this axis would seem to be at least the most probable 
and perhaps the only possible condition of these and other diatomic gie 
molecules. 

l Even granting such a structure, say to the HCI molecule, it can be shown that 
on quantising the pr\cessions an expression is obtained similar in form to that 
obtained on the basis of rotations, hut at the same time this equation cannot be 
reconciled with observations since the calculated separation of the sub-maxima or 
narrow bands (which together constitute the known broad absorption band in the 
short intra-red) works out considerably greater than th^j observed separation (cf. 
Reiche, Zcitsch. Pkysik, 1 ., 283, ig2o). 1 . 



APPENDIX Vll. 

Einstein^ Law of tiik Photochemical Equivalent. 
By R. 0 . Griffith. 


The object of this appeildix is to present the results of experimental 
work carried out mainly during the past decade, which may serve as a 
test of what is known as Einstein’s Law of the Photochemical Equi¬ 
valent or the Law of Photochemical Equivalence. 

This generalisation introduced in 1912 (Einstein, Atm. Physik [iv.], 1 
37 , 832, 1912; also ibid, [iv.], 17 , 132, 1905) is usually staled in a 
form equivalent to the following : If a photosensitive system is subjected 
to light of frequency e, the number of molecules (N) of the absorbing 
substance (photolyte) which decompose, is equal to Q///f, where Q is the 
‘radiant energy absorbed and h is the Planck constant, or more simply, 
for each quantum of energy absorbed one molecule of the absorbing 
substance disappears. It is unnecessary for our purpose to present 
Einstein’s method of derivation of the law ; we may simply regard it 
as founded on the theory of quantum absorption of energy. It will be 
■ convenient, in describing much of the experimental work dealing with * 
the law, to use the following notation which is due to Warburg [Zeitsch. 
Elektrochem ., 26 ,54, i9 20 )- 

For any photochemical process which occurs under the influence of 
monochromatic light of frequency v (wave-length A), Einstein’s law 
enables us to calculate the value (/) of the quotient 

gram-molecules of substance decomposed • 

gram-calories of radiation absorbed 

#> 

The energy which must be absorbed in order that one gram-n _ 

of the photolyte should decompose is ergs, where N (l is the Avo- 
gadro constant or NJivj4'i$6 x 10 7 cals. Substituting the*values 
N 0 = 6-062 x io aa , h = 6-547 x io~ 17 ergs/sec., this amount of 
energy is equal to 9-481 x io -11 gils., and placing v = c\ A, and ex- 
pressm^i in microns (/;.), the energy in cals, which must be absorbed to 
decompose one" gram-molecule is found to be 28,443/A cals. 


Therefore, p 


gram-molecules decomposed # 

1 i f 1 ** 1 - A / 2 3 * 

p^InriK lhsnrn^rl ' ’ u 


According to Einstein’s law thesefore, the extent of photochemical de¬ 
composition is proportional to the product of the absorbed radiant 
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energy and its wave-length, and is independent of all other factors such 
as temperature. 1 Further, for all photochemical processes, the quantity 
p has the same value for identical wave-lengths of the light employed. 
Table I. (Warburg, loc. cit.) gives the value of p at variolis wave-lengths 
and of its reciprocal, the number of 'gram-calories of radiation absorbed 
when one gram-molecule of photolyte decomposes. 

_ TABLE I. 


A(fO. 

„ moles. 

P • io - ’ 1 - 

cals. 

1 cals.' 
p moles. 

0-207 

0-7286 

137,300 

0 253 

0-8904 

112,100 

0*282 

0-9924 

100,800 

0-486 

1-7x0 

58,470 

0-589 

2073 

48,240 

o"8ao 

2-816 

35,510 


. Eet us now denote by cf> the value of the quotient 

gram-molecules of photolyte decomposed 
calories of radiation absorbed 

obtained experimentally in any process effected by monochromatic light. 
If Einstein’s law holds for the reaction, then the value of will be equal 
to that of p for the given wave-length. 

It will be at once evident, however, that Einstein’s law as formulated 
above cannot be generally true for actual photochemical processes. This 
follows on recalling the fact that most photochemical processes are com¬ 
plicated ones involving secondary reactions, i.e. thermal reactions subse¬ 
quent to the actual primary process caused by the light. If these 
secondary or “ dark ” reactions involve molecules of the photolyte as 
reactants or resultants, it is evident that Einstein’s law cannot, except 
by ^ccident, predict the correct result. We must therefore limit the ap¬ 
plicability of the law to the primary process ; the actually observed 
amoimt of chemical action which results from this process may be exactly 
equivalerff to it, it may be some simple multiple, e.g. twice or thrice, or 
it may be much larger or much smaller, depending on the nature and 
extent, of the secondary processes. If in any particular case we know 
the nature of the primary process and can calculate the velocity of the 
“ dark ” reactions which follow, then Einstein’s law will enable us to 
predict quantitatively the net result of illumination. Our -7 eserft 
knowledge, however, does not suffice to enable us to effect this, in fact 
the exact nature of the primary process is unknown. All that it is pos¬ 
sible to do at presl-nt, therefore, is to measure <$> for the given reaction, 
compare this value with the ebrresponding value of p , and make as 
plausible hypotheses as possible to account for the observed results. 

We may anticipate the results of this comparison by stating that it 
now appears- to be well established that the absorbing molecule absorbs 
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energy in quanta, and that if we limit Einstein’s law to this statement of 
the process of*absorption, it jp valid, but it is not in general true if stated 
in the form given to it earlier. Further, either the absorbing process is 
accompanied by a simultaneous dissociation of the molecule or there 
results a modification containing,excess energy and which has a higher 
chemioal reactivity than the original molecule. What afterwards follows 
is determined by the nature of the system, its temperature and pressure 
in the manner treated by chemical kinetica The activated molecules 
may spontaneously dissociate, they may react by collision either with 
others of dj/ferent kind or with non-activated molecules of the same kind, 
they may transfer their excess energy to other molecules, etc. Thus it 
will happen that many photochemical processes are the resultant effect 
of several reactions and*will show no simple relationship between the 
number of quanta absorbed and the number of molecules which dis* 
appear. In such reactions the value of this ratio will be expected to 
vary with slight changes in the experimental conditions, e.g. changes in 
concentration and temperature. In other processes of not so compli¬ 
cated a type simple relationships may be found and we have then to 
interpret the results in the light of possible primary and secondary 
reactions. 

Most of the experimental work in photochemistry prior to 1913 is 
*not suited to serve as a test of Einstein’s law, although in certain cases 
approximate conclusions may be arrived at, as was shown *by Bodenstein 
who summarised the results of such work in an important paper ( Zeitsch . 
physikal. Chem., 85 ) 333) T913). He divided photochemical reactions 
into two classes, in the first of which the number of quanta aborbed is 
•apparently nearly equal to the number of molecules decomposed, while 
in the second the extent of photochemical action is much smaller or 
(more frequently) much greater than would be anticipated according to 
Einstein’s law. 1 Since then measurements of greater accuracy and suit¬ 
ability for our purpose have been carried out. Any such determination 
requires (a) a measurement of the extent of photochemical change, (h) a 
determination of the amount of radiant energy absorbed, not necessarily 
by the whole system but by the photosensitive substance, ( c ) that The 
light employed should be as nearly monochromatic as possible in Qjdtt' 
that the value taken for v shall not be seriously in error. Iw*acfmtion, 
experiments using different wave-lengths should be undertaken, since it 
is important to determine whether, as postulated by Einstein’s law, the 
value of <j> is proportional to that of A. The chief investigations in this 
field are those of Warburg, who carried out 1 etween 1911 and 1919 a 
sPries®sj£^arefu 1 measurements of the rates of photochemical processes 
in gaseou? and .Jiquid systems ; more recently, Nernst and his co¬ 
workers have undertaken such work and succeeded in finding reactions 
in which Einstein’s law is followed. Tables II. and* III. contain a list 
of the more important of the reactions *>tucfied by them and by others, 

* 

1 An account in English of Bodenstein’s paper is given in Lind’s The Chemical 
Effects of Alpha Particles’ Chap. X., American Chem. Soc. Monographs •• 



TABLE II. 
Gaseous Svstems. 





( 

I 


I 


(a) In carbon tetrachloride solution 
2CCl 3 Br + CU2CU 4 tBr„ r , . , 
2CKWCU2O, 

aCI,0->2U I + 0 1 . 

(i) In aqueous solution 

!KN 0 t-»!KNQ 1 + 0 ] . 

Maljic acid fumaric acid . 

Fioic acid maleic acid , , , 

PtCliOH)jH, t jHjO PtCI(OHi s H 2 + 3HCI 
2K 3 Cb(C,d 4 )j 2CoCjO ( + 3KXA + 2CO,, 

aH.O. 2 H 4 0 + 0 ,. 


TABLE III, 
Liquid Systems, 


Observer, ^ M 5 


0*410 1*34 i I '44 
0*445 1*28' i'56 

rj / 

018 073 
0'02 


Bowen 


Warburg 


Boll 0-238 3-32 o-S3 
Vranek 0-366 rgo 1*28 
/HenriandWurmser 0-230 4-02 0-805 


(1), KM* 

w [*•* 

jf.IOi, 

f 

0*449 i’4 2 

1 

_ 

L 

0*253 0-15 C89 

"J “ 

• 

0*282 0*024 

o*99 

,, 0-038 „ 

I. ,0*032 

n 

„ 0*087 „ 

,, ,0-133 

* 

n 

0-254.i-66'°% 

0-310 O'TOI 

ro8 

0-4051-25 1-42 

0-436 o-88i; 1*53 

0-256 3-86 0-895 

0*280 3*88 

o*99 

f fj), io 5 vary between 8jrj and p 

* 


Me,-In all the reactions occurring in aqueous solution the vilue off is dependent on the concentration of photolyte, The value 
given above relate in each case (excepting that studied by Kornfeld) to a concentration fo; wh.c'i experiments at different wave-length 1 
were carried out, 
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and also indicate the nature of the results obtained The reactions are 
here classified kccording to the nature oft the phase, gaseous or liquid, 
in which they were carried out. In the tables the first column gives the 
nature of the photochemical change measured, the second the observer, 
and the remainder the wave-length# of the light employed (X) and the 
values of </>, i.e. 

gram-molecules o t f absorbing substance decomposed 
calories of radiation absorbed 

and of p for the corresponding wave-length. The latter, As previously 
explained are calculated from the equation, / = A/28,443. 

An inspection of these tables shows thafc in only a few cases is the 
value of equal to that of/, although in many the two are not greatly 
different. In the photochemical decomposition of hydriodic and hydro- 
bromic acids the value of cf> is almost exactly double that of / dt all 
wave-lengths. Many of the reactions exhibit the discrepancy that an in¬ 
crease in the wave-length of the light employed causes a diminution in 
the value of <f> instead of an increase, and it is also seen that in all 
reactions so far studied in aqueous solution no simple relation between 
and / is observed. Before dealing further with these effects, it will 
be convenient to discuss the results obtained and the mechanisms pro¬ 
posed for reactions 1 to 4 of Table II., after which the remaining re¬ 
actions will be considered. 

Tht Photochemical Decomposition of Hydrobromic and Hydriodic 

Acids . 

The first reaction in Table II. is the photolysis of gaseous HBr. 
On exposure to ultra-violet radiation this gas decomposes into hydrogen 
and bromine, the reaction being expressed by the equation— 

HBr = £(H 2 + Br 2 ) - i2,joo cals. . . . (1) 

The decomposition was effected by Warburg (Sitzungsber. Preuss . A had 
V.016, P- 3 X 4 ) by diluting the gas either with hydrogen or nitrogen, 
swe&j>in|, the mixture through a quartz cell exposed to monochromatic 
ultra-violet light into a solution of potassium iodide, where the bromine 
formed liberated an equivalent amount of iodine which was estimated 
by titration with thiosulphate solution. The absolute amount of light 
energy absorbed was determined by a bolometer. Experiments using 
two wave-lengths 0*209/4, and o'c$2fL were carried out and the ^partial 
pressure of the hydrobromic acid gas was varied. Employing light of 
0*209/4. the value of tf> was found to be 1*53 x io“ 5 moles HBr 
decomposed/cals^.absorbed, and was the same using either hydrogen or 
nitrogen as the diluent. At the longer wave-length <f> was found to be 
i *79 x io -6 . These values are nearly exactly double the values of p for 
these wave-lengths (0*73 x io -5 and 0*89 x io -6 ), showing that two 
molecules {ire decomposed per quantum absorbed. If one assumes that 
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the primary process effected by the light is the decomposition of hydro- 
bittoiic acid into atomic hydrogen and bromine, , 

HBr + hv -*■ H + Br . , . . *( 2 ) 

there is then the possibility of the secondary process (3), (4), (5) and (6) 
occurring— 

H + H —> Ho ..... (3) 

Br + Br Br 2 , . . (4) 

• , H 4- HBr -»H 2 + Br . . . (5) 

, Br + HBr Br, + H . . . . (6) 


A thermal reaction, however, can only occur if accompanied by a de¬ 
crease in free energy. TVs condition is obviously satisfied by reactions 
(3) and (4) and these reactions may proceed until the partial pressures 
of H and Br are exceedingly small. The condition for the possibility 
of (5) occurring is— 


1(, gio 


/H/HRr 

/llr/tlij 


lo b r 10 > 0 


( 7 ) 


where/ h* etc., are the partial pressures of the gases and K p is the equi¬ 
librium constant (using partial pressure terms) at ordinary temperature. 
<The value of the latter may be approximately evaluated by Nernst’s heat 
theorem if the value of the heat of the reaction and the chemical con- 
constants of reactants and resultants are known. The former Warburg 
estimates to be + 6000 cals.; employing this figure the value of 
log 10 Kj, becomes - 5-4. With the experimental conditions employed, 
•the smallest value of /HBr//H a ~ 0016, the log of which is — 1 *8 ; it 
follows therefore that reaction (5) is possible until a very small value 
of the ratio fnllnt is reached. In an analogous way, it may be shown 
that reaction (6) cannot occur under the conditions of the experiment. 
Also, since the velocity of reaction (3) is proportional to the square of 
the very small concentration of atomic hydrogen, while that of (5) is 
proportional to the prodffet of the concentrations of atomic hydrogen 
and HBr, reaction (3) may be neglected in comparison with (5). «AVe 
thus arrive at the conclusion, that after the primary process (2), thp 
secondary reactions (4) and (5) take place, the sum of the w^k.'^ftSfTng 
represented by 

2 HBr + hv -» Ha + Br 2 ■ (») 

J 

One quantum, therefore, causes a decomposition of two molecules, 
oa e. m olecule being decomposed direjctly, the other by a secondary pro¬ 
cess inlying a "resultant of the primary process. The assumption 
having been made that the primary effect of the light is to decompose 
HBr into its component atoms, the question naturally arises:—Is the 
energy supplied sufficiently great to effect this ? ,J 

The amount of. energy required to convert one gram-molecule of 
HBr into atomic hydrogen and bromine may be calculated, if we know 
the heats of dissociation of hydrogen and bromine and if we assume at 
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the same time that in tliese cases, in'which nascent atoms are produced, 
that the heats of dissociation are identical jvith the energies of activati'on. 
TaKing with Warburg the heat of dissociation of hydrogen to be 95,000 
cals, per grarrf-molecule and that of bromine as 58,800. cals., we obtain 
as the required value 89,500 cals. ,The value of 1 //, i.e. the number of 
cals, absorbed by one gram-molecule of a photolyte {cf. Table I.) for 
light of wave-length 0*209/1 is 135,900 cals., and for that of 0*253/1, 

112,300 cals, and therefoie the energy supplied at both wave-lengths is 
sufficiently great. 

For the second reaction recorded in Table II., the photolysis of 
hydriodic acid, it was found possible to carry out experiments with light 
of three wave-lengths, namely 0-207/ x > 0-253/1, and 0-282/1, and the re¬ 
action serves as a still better test of EinsleyVs law. The method of 
experimentation employed by Warburg [Sitzimgsber. J’rcuss. Akad., 1918, 
p. 300) was much the same as in the previous case. The gas employed 
was a mixture of HI and 1 I 2 , the partial pressures of the former varying 
lx'twecn 80 and 300 mm. mercury. Table IV. gives the results obtained 
using light of wave-length 0*207/1 and shows the accuracy attainable in 
such measurements. 

TABLE IV. 

Phoiochi mical Decomtosii ion 01 HI (Wakuurg). < 


Wave-length 0*207 M- 


Hir. 

I 

A. ! 

E x 10 * 

^> . 105. 

82*4 

o - g8o j 

318 

1*44 

88*3 j 

o-gg 7 | 

342 

1*44 

112*7 I 

‘**Q 93 ; 

362 

I- 35 

112*7 

o-ggo 

327 

*'54 

« 3‘9 i 

0*983 i 

297 

i -37 

80*2 

: 0*967 

1 360 

1 1*43 

86*9 

0*984 

3*3 

1 

! 148 


( , 

Mean = 1-44 


The first column gives the partial pressure of the hydriodic acid in 
the gas mixture, and the second the fraction of the incident light energy 
absorbed by the gas. E denotes the energy in cals, absorbed per second 
and the number of gram-molecules of HI decomposed per calorie 
absorbed. The values of x io° at the three wave-length^. zliSfit, 
0*253 ft, and 0*282/1 were found to be 1*44, 1*85, and 2 08 rt^pectively. 

The mechanism of this reaction is exactly analogous to that of the 
photochemical decomposition of HBr. After the primary reaction 

HI +*Av H + I . - . . . (9) 


there follow 


1 + I I. 


(10) 
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and * H + HI'-* H a + 1 1 . (11) 

the* process— . 

I + HI -»I., + H . (12) 

being excluded on similar grounds tp those already employed for (6). 

As with HBr therefore one quantum decomposes two HI molecules 
and =* 2p — 2 A/28,443. The agreement between theory and experi¬ 
ment is within the experimental error. The energy necessary to de¬ 
compose pne gram-molecule of HI into atomic hydrogen and iodine is 
less than the corresponding quantity for HBr, being approximately 65,000 
cals. a 

The Photochemical Formation and Decomposition of Ozone. 

If oxygen be subjected to ultra-violet light of high frequency ozone 
formation ensues. Warburg (Sitzungsber. Preuss. Akad 1912, p. 216; 
ibid., 1914, p. 872) studied the process using oxygen at high pressures 
(up to 300 atmospheres) in older to render possible measurements with 
light of wave-length as long as 0-253/4 which is absorbed by oxygen at 
sufficiently high concentrations but not measurably at atmospheric pres¬ 
sure. The ozone formed was measured by absorption in potassium 
^iodide solution and titration of the liberated iodine. If we assume that 
the primary process in this case may be represented by— 

O., + hv -» O + O (13) 

i.e. dissociation of oxygen into atomic oxygen, then the secondary pro- 
■cesses (14) and (15) appear possible—- 

O + (X —> O3 . . . . (14) 

O + O — > O2 .... (15) 

If further we assume that (15) does not occur to a measurable ex¬ 
tent, the net effect will bo the sum of (13) and twice (14), that is, one 
quantum would cause the decomposition of three oxygen molecules 
forming two of ozone. The results obtained are shown in Table V. , 

TABLE V. 


Apparatus. 

Pressure kg./em 2 

(/togp. 

0253 /ut. 

0-Z33M- (corr.). 


125 

2‘og 

*' 47 } 

1 '55 

II. 

125 

i -94 

1-48 ( 

ii. 

300 

i">' k 

0-78 

0-83 


Theoretical value (3 p) 

= 2-ig 


-2*67 
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This shows that tile assumptions made by Warburg .hold approxi¬ 
mately for the reaction effected by light of o’2og/j. at the lower pressure, 
buf at the higher 'pressure the photochemical * efficiency decreases. 
With light of«o-253/x the amount of oxygen converted into ozone is de¬ 
cidedly less than that predicted and also the effect of pressure in re¬ 
ducing the value of <f> is greater. T His behaviour cannot be accounted 
for by the fact a certain fraction of the ozone formed' is decomposed 
again by light of this wave-length; correcting for this gives the values 
in the last column which are only a few per cent, higher than the ones 
experimentally obtained. 

The reverse process, the photochemical decomposition of ozone 
seems to be an extraordinarily complicated one. Considering again the 
results of Warburg ( Sitzungsber,. Preuss. Akaa 1913, p. 644), only one 
wave-length was here employed, w;. o - 2 53 n, approximately the maximum 
of the strong ozone absorption band in the ultra-violet. Experiments 
were carried out employing mixtures of ozone with oxygen, with nitrogen, 
and with helium. For ozone-oxygen mixtures it was found that the 
value of <f> varies markedly with the concentration of the ozone ; it de¬ 
creases with decreasing ozone content until a concentration of o‘5 vol. 
pdr cent, is attained after which a further decrease in concentration does 
not -alter the value of <f>. With mixtures of ozone and nitrogen an 
analogous behaviour is followed, yet the limiting value of <£ for small 
ozone concentrations is 3-8 times as large, /.<?., 0*95 x io~ r ° instead of 
0*25 x io~ 6 . Considering alone these limiting values the behaviour of 
nitrogen in increasing the extent of ozone decomposition is accounted 
for in the following manner. If we assume with Warburg that the 
primary process is— 

Ojj + hv —> O, + 0 . . . . (16) 

then the secondary processes— 

O 4- O -> Oo . . (17) 

0 + G,-> O, .... (18) 

O + O a -> 20;i ** . . (19) 

Income possible. Of these three reactions (17) does not influence the 
ratoNt. concentration, (18) increases it, (19) diminishes it. According 
to Einstein’s law, the primarily decomposed ozone, i.c. that decomposed 
according to (16) will be p gram-molecules / cals. Then if all the 
oxygen atoms formed reacted according to (r7), the secondarily decom¬ 
posed ozone would be nil, if according to (18) - p, and if according to 
(19) + p. It follows, therefore, that in mixtures of ozone and oxygen 
the total number of gram-molecules of ozone decomposed ^^caiorie 
absorbed must lie between zero and 2 p, depending on (he relative extent 
of the secondary processes. For mixtures of ozone and nitrogen there 
is the possibility 61 either ozontj or oxygen atoms reacting with nitrogen. 
As, however, no oxides of nitrogen can be detected by chemical means 
after illuminating the gas mixture, it may be concluded that nitrogen 
acts in this reaction as a chemically indifferent gas. Since in these 
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mixtures the "only oxygen present is tha% formed by reactions (16), (.17) 
and (19), reaction (18) will take place to a much less degree thasi in 
ozone-oxygen mixtures, and therefore the value of </> will be gieater. If, 
as is permissible, we exclude (18) entirely for ozone-nitiogcn mixtures, 
the value of (ft should lie between'*/* and 2/*. This conclusion is con¬ 
firmed-experimentally as the value found foi (ft is 01/5 x io“ : ' whilst 
that of p for 0 253//. is o'Sy x io^ 5 . An unexpected result however 
was obtained on employing helium as a diluent to the o/one. Instead 
of tlndinj* in such a mixture weak m o/one the same value for (ft as that 
in the presence of nitrogen, the higtiei value 152 x io _Ll was obtained. 
Since both helium and nitrogen presumably act as chemical]) mdithrent 
gases in this leaetion, it is difficult at present to suggest a leason lor 
this difference. Whatever may be the explanation, it is interesting to 
note that the value c ft — 1*52 x io _i is nearly equal to the value 2/, 
the theoretical value assuming (16) as the piimaiy piocess and (iy)as 
the only secondary. In the most concentrated o/.one mixluies studied, 
either in oxygen or nitrogen the value found for (ft becomes gi cater than 
that of 2p. This is probably connected with the fact that the process: 
zOj —> 3CX is exothermic anil the energy evolved in one of its component 
seconilaiy processes may be transferred by molecular collision, some 
o/one molecules being in this way activated. In dilute o/one mixtures 
"the effect would not be mutked owing to the gieater portability of the 
activating molecule cairymg Lhe excess energy 1 ol losing this before 
colliding with an o/one molecule. 

Another anomaly ol the photi hemical decomposition of o/one was 
pointed out by von Uahr (. /////. Physik (iv|, 33 . lyio) who observed 
that when the total piessure of a mixture of o/one and oxygen was 
lowered below 200 mm men uiy the rate of photoc henm at de-o/onisation 
increases in a marked manner, which means that the values of (ft at 
small total pressures would be much greatei than those given above. 

The Photoche’jiicai Decomposition of Ammonia 

Little need be said about this reaction. 'The extent of decomposition 
was measured (Warburg, Situungsber. Prcuss. A had., 1 y 1 1 , p. 746^,^ 
following the pressme changes registered on a differential tonometer 
containing mercury, the pressure of ammonia was 800 to yoo mm., 
and only one wave-length employed, ?>P. 0 207 /j.. 'J'lie mean value 
of (ft x To 1 obtained was on 7 which is less than a quarter of the 
corresponding value of p. 

Deviations from Einstein’s Law. Theoretical Considerations. 

Before discussing the remaining reactions of Tables II. and III. 
it will be convenient at this stage to dec! with certain theoretical con¬ 
siderations arising o.ut of the reactions of the preceding paragraphs. 
We have seen that .by making legitimate assumptions regarding the 

t * 

1 Warburg suggests that this is the oxygen formed by (17).' ' , 

VOL. III. j2 5 > 


* 
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secondary processes, the results obtained in the cases of the photolysis 
of hydrogen ioftide «and hydrogen bromide may Jrc quantitatively ac¬ 
counted for qp the basis of Einstein’s law ; these examples also make 
clear the importance of distinguishing between the prinlary process and 
the total obscr\cd extent of the letunon. One of the best criteria of 
the validity of Einstein's law is that f/> should increase.with increasing 
wave-length of the light employ'd. Although this is so in the examples 
just cited, in most cases <he revel sc is true, i.e. the photothemu al 
efficiency of the light dt( leasts as its wave-length is, inciea^cil. The 
discrepancy has been < onsidcred by Weigert (/t itsc/i. EJ< kfruchrm., 23 , 
357, 1 17) and by Warburg (//v 7 /., 26 , 5-1, 1920) whose conclusions 
are similar. Avoiding to these investigators the deviations aie essenti¬ 
ally due to loss of energy on the pail of lliff activated molecule as a 
result of collision, this energy appearing as heat. The absorption 
processes for an isolated molecule and for a molecule surrounded by 
otheis will 111 general be different. In the infinitely dilute state the 
absorption bands of atoms and molecules appear as lines, but as the 
concentration of material is incteased, the lines broaden into bands, 
the widths of which continually mciease with mcieasuig concentiation. 
I'dl an isolated molecule the radiant eneigy absoibed must be quanti¬ 
tatively changed into internal atomic eneigy, but this does not apply 
if the electron mbits of the absoihmg molecule aie affected by the 
presence of neighbouimg molecules. In the laltei case, dining the 
act of absoiption tlicie will be an eneigy intuchange between the 
absorbing molecule and its neighbouis, and thus part of tin absoibed 
eneigy is expended on the neighboui mg molec ule The magnitude 
ol this enc-rg) mlciehange is different for different absoibmg molec ules' 
since- it depends on tlu- lelative velocities and proximities of the 
molecules elm mg the act of absorption. It is iheiefore possible for 
some absoihmg molec ules to transfer so much energy to their neighbours 
that the- amount remaining is insufficient to cause them to decompose 
01 to enable the primal) process to occur. Also it is clear that the 
loss of energy by the absorbing molecule will inn case with increasing 
pressure nr the case of gaseous s)stems and that the effect should 
jume more marked in the liquid stale where the density is greatei. 
uruier* die gieater the frequency of the light employed, the less 
marked should this effect lie, because of the fact that owing ter the 
larger quantum absorbed the greater the probability becomes that the 
quantity of energy remaining in the absorbing molecule is sufficiently 
large to decompose it. The decrease in <f> experimentally found in 
many reactions with increasing wafve-length is in this manner 
accounted for. «• ' 

Another condition which must be fulfilled if Einstein’s law' is to 
hold was also postulated by Warburg (/or. a'/.). It follows, if we 
make the assumption for a' given photochemical process, that the 
primary effect of the light is a decomposition, e.g. AB + hv -> A + B, 
that the process can 011I) occur if ,the absorbed energy quantum is 
greater than the energy required to decompose the molecule. If we 
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denote by q cals, the energy necessary tp decompose one gram-molecule 
of the absorbing substance# photochemical action shTiuld only t^istie 
when the light employed is such that 1 ;/’>></■ Although in many ( ases 
the value of q is only approximately known it may be definitely staled, 
however, that photochemical adtron does occm even when 1 ;'/•<</• 
Such .is the case for the photochemical decomposition of ammonia 
by light of wave-length o'zoj/i. The primary piocess lieu- cannot 
be repiesented by— • 

• , Nil., + hv —> N + 3II . (21) 

since the vfalue of </ for the process (21) is at least 200,000 cals., while 
the value ol 1 ,/> for light (»f this wave-length is only 137,300 < als. 
(Table I.). It must therefore be assumed that the pimiai) reaction 
is not a decomposition of the ammonia molecule but an activation, 
the formation of a molecule with a higher (neigy content than the 
normal— 

NH;i + //r->Nll a (activated) . . . (22) • 


Fill thci, 
ammonia 


( 2 8 ) ~ 




when this activated molecule collides with a noil-activated 
molecule, dei omposition may occur .iiioiding to eipiafion ’ 


Nil. (activated) 


-t- Nil., -> 


N, T 3 »l, 


(~M) 


The amount of energy necessary lor tlw activation uf leaction (23), 
an ending to Uaiburg, is only 22,000 uls. pu giam-moK i tile a< tivated, 
or per two giain-molcc.ulcs ol ammonia dec omposed. 1 II all the 
absorbing molecules leai led in this way, we should theieloie expect 
. to 1 1 11« 1 if) — ?/' - 1 ■ 3 7 x 10 while the value oblaineil is only* 
on 7 x io~ ‘. It would theiefoic appear th.it all the collisions ex¬ 
perienced by an activated molecule ale not of the type necessary to 
initiate the leaction 

Anothei mac lion which probably occurs without primary decomposi¬ 
tion of the absorbing molecule is the photochemical formation ofo/.cme 
fiom oxygen. The v.tlift- of </, the heat ol dissociation of oxygen is not », 
arcuratelv known, but may be taken with Lewis {Trans. I'anniav^Snc., 
17 , I’art 11 , 1 92 1) as about i=ju,ooo cals. The value ol 1 //> lor UAjrfyt 
wave.-length o ‘ 25 3 ^ is only 112,000 cals., yet o/.one is f#Ptned using 
light ol this wave-length fiom oxygen under ugh pressure. The 
mechanism of o/one loimation may now be— 


followed either by 
or • 


Oj + hv —> Oj (activated) . 


O. (activated) + tL O., + () 


0., (activated) + 2C), —> 2 0 a 


( 2 4 ) 

( 25 ) 

(26) 


1 The value 22,000 cals, is almost certainly too small, however, since it is 
obtained hy equating *the energy of activation to the heat of reaction. '1 his is 
probably permissible when the reaction consideied involves the formation of nascent 
atoms, as in the photochemical decomposition of Hlir, but is not necessarily so 
in such cases as the one undfcr consideration. * • 


* 25 
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In (25) the first oxygen moleoule possibly requires an activation of 
109^00 cals., in ^'26), r of 68,000 cals. 1 * 3 Witto light of wave-lgngth o‘207/i 
the value of \jjfr is 137,000 cals.; this amount may be sufficiently large 
to decompose oxygen into its atoms, as* it is possible ‘that the value 
150,000 cals, may be too high. In tMber case, as would be anticipated, 
the value found for is nearer the theoretical than that-employing the 
longer wave-length. The infiueme of piessure in diminishing the yield 
in this reaction is explained* by the considerations already referred to 
above. . • 

These two leaclions, the formation of o/one and the decomposition 
of ammonia illustiate the fact that photochemical action does not 
suddenly cease when the wave-length o( the light employed is increased 
to a value such that 1 jp < y, but that photolysis still occurs, though with 
diminishing yields. 


Photochemical Reactions involving Chlorine or Bromine. 

'Hie deviations from Kinstcin’s law which we have so far encountered 
. have been those in whuh the number of molecules reacting is less than 
anticipated, and two effects that might account for this have been given 
in the preceding paiagiaph. We have now to consider a reaction for 
which the reverse is true—the well-known photochemical union of hy¬ 
drogen .ind chlorine --111 the light of the theory advanced by Nemst 
(Zei/sch. Fit htroc hem ., 24 , 335, 1 9 1 8). - Act 01 ding to the ( aleulalions of 
Jlodenstem (toe. <//.), and (iohimg (/ \1tsJ1. ElekhoJiem ., 27 , 511, 192 1) 
based on the experiments of Uodensieni and 1 )u\ (/< \it\Ji f'/iysikal. Chem., 

9 85 , 297, 1913) it appears that, for each quantum absorbed," about half 1 
a million molecules of bydtochloiic acid aie formed. 

Nemst explains this enoimous sensitivity to light as being due to 
a scries of sc< ondary spontaneous thermal leaclions forming a cycle. 


1 The value 109,000 cals, lor the cuugy ul activation of the first oxygen mole- 
5, * cute in (25) is obtained as follows .— 

P.et a cals, he the heat absorbed in the reaction— 



(), + (). -> O, + O 
2O., — Oj +C)-i cals. 


Combining this equation with the thermoeliemical equations — 
t ut) n — 3O,, + OS,000 cals, 

and O + O =- O.J + 150,000 cals., 

we find 1 — hhj,000. 

This will represent therefore the erteigy of activation of an oxygen mokfCtTFe 
necessary to enable (25) to proceed, provided that we assume that thr reverse re¬ 
action requires no energy of activation. This is possibly true owing to the reverse 
reaction involving a nascent oxygen atom. 

The value 68,ooorcals. lor the energy of activation of the oxygen molecule in 
(26) is a minimum one obtained by fcquating the energy of activation to the heat 
of reaction, cf. preceding footnote. 

-For an alternative explanation of the excessive photochemical yield, rf. Baly 
and Barker, y. C. 6 ., 119, 653, 1921. 

3 By tfie’ chlorine. * 
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As a result of absorption of light (wave-length circa 0-330 /*), ehloiine is 
dissociated into free chlojjne atoms. By application of the Jleat 
Theorem, Nferijst slTows that the processes— 

C 1 + H'„»H Cl+H (27) 

H + Cl, VJICl + Cl (28) 

are both attended by a diminution of fiee energj and may, theiefoie, 
take place. Assuming that they actually ^icrur, it will he seen that a 
c>cle ensues, dye chlorine atoms produced hy (28) again leading with 
FC accoid*ng to (27), and the two leactions continue to lake place, so 
that a veiy small number of free chlorine atoms can produce a relatively 
large amount of hydrochloric acid. Naturally a limit is set to this 
amount since eventual!)* the ehloiine atoms ami hydiogen atoms will 
combine to form Cl,, IF, and 11 Cl. ' 1 'his mechanism also explains the 
large inhibiting effect of certain impurities, notably oxygen, their action 
being to combine with and thus cause a decirased com entiation of the 
hydiogen and chlorine atoms. Thus if o\)gen be the inhibitor, it forms 
CIO,, with the chlorine atom, and is then legeneiated by reaction of the 
CIO, with atomic ehloiine; thus a small concentration of oxygen has 
the elfei l of gieatly diminishing the photochemical yield of hydrochlotic 
acid, >et its eoncentialion lemains constant. In furthei suppoit of the 
* theory, Nernst shows that an analogous cycle foi a mixture ol Ipdiogen 
and bromine in not possible, since the inaction— 

Br + IF, -> HIT + JJr (29) 

cannot take place to an appreciable extent. In agieemcnt, it was shown • 
by l’usch (/ci/si/i . p.lcktrochcm 24 , 33b, 1918) that haidly any HBr is 
formed when the mixture is strongly illuminated at oidinaiy temperatuies. 

We have, theiefoie, in the photochemical formation of hydrochloric 
acid and the action of light on mixtmes of hydrogen and bromine two 
examples of processes for which Einstein’s law (as usually stated) is far 
from being obeyed, the#reason in each case being that the ‘econdary 
reaction actually measured is not equivalent in amount to the primary 
process, or, in the terminology usiiall) employed, hydiogen is notj/a 
suitable acceptor. 1 That suitable acceptors exist for canine and 
bromine phoioehemically activated, Nernst, Busch, and Noddack pro¬ 
ceeded to show. Thus, a suitable acceptor for bromine was found in 
hexahydroben/.cne, after the trial of othci hydiocarbons, such as Itexane 
and heptane, which react to a gi eater extent than predicted by Einstein’s 
law. The results obtained with gasepus mixtures of hexahydrobenzene 
and Dromii^e, however, were found, after correcting lor a slight “dark” 
reaction, to be uVagrecment with the calculated within the experimental 
error, />. for each quantum absorbed one molecule of bromine disap¬ 
pears. (See Table III., Busch {loc. and Nodrftck, Zcitsch, Elek- 
trochem ., 27 , 3 5 ‘>, 1 9 - T •) 

1 This term is used to denote the substance which reacts with the product 
formed as a result ot the primary “ light ” process. . • 
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The acceptor for chlorine has to conform to certain conditions. It 
has'to he sufficiently ..stable not to be chlqjinated in the dark, it must 
contain no hydrogen otherwise there is a possibility. of disturbing 
secondary icacfions, it must be either a gas or a liquid in-which chlorine 
is soluble*, etc. The substance finally fc-hosen by Noddack ( Inc. at.) was 
tiiehloiobiommethane, a colourless liquid which dissolves ehjorine 
readily. If the solution thus formed be* exposed to \iolet light, the net 
lesult of the change is espoused by - 


Cl, + af’CUir afICl. + lb , 


( 3 °) 


Tlie reaction was studied using light of two wave-lengths 0*410/1 and 
o*4.|<//i, and the bromine foimed determined by spcetrophotoinetrie 
measurements. The results obtained (Table ill 1 .) show that for each 
quantum absoibcd, one chlonne molecule clisappeais with the formation 
of one of Immune 

Noddack also observed that if the leaetion wen allowed to proceed 
1 m euibon tetraelilfiiide as a sohent, 1 the yield of bromine was diminished, 
but dus was late *i shown by (buss (Z< i/\< //. F.lckh ot/h'tn., 29 , 1 If, 1023) 
to i>'* due to ti.u i*s of impuiily m theeaibon tetiaehloilele The latter 
found that if tin* sohent be sul’fie lenth puiifieel, tin \elo<it\ of the 
photdeheimeal re.u tion is independent of the ielali\e eoneeniralions of 

C( If, lb and (at least until the ratio , . , . .' exceeds So. 

moles ol ( hi { I >i 

Kmploying silicon tetiaehloiide as a sohent, a sinulai result was ob¬ 
tained. The meeh.mism of the pioevss mas be formulated in two 
dilfeieiit \va\s; which of these is the moie probable* cannot at prese*nt 
* be state'll. The piimary process in general is best legal tied not as a 
decomposition of the molecule as we have* assumed in the ease s of 1 11, 
1 Mir and () ;i , but simply as the absoiption of an eneigy quantum by a 
molecule and its consequent lomeision into one of higher eneigy con¬ 
tent, most piobably by the* passage of one or more electrons liom inner 
to outei orbits. Ln the case under discussion we may write for the 


pilmaiy pioeess— 


( 1. 4- //i'—> CL (activated) 


( 3 i) 


The ucliv.4.,d ehloiine molecule's may now eithei ( n) leac l directly with 
tiiehloiobiommethane molecule's, /.e. we have the* trimoleeular “ daik ” 


reaction— 

t 


CL (actuated) + d.X'l.Jb - aCCl, + Ur.. 


( 32 ) 


01 (/') thev may decompose* lluumally into ehloiine atoms which ^then 
lead — ' 

Cl., (activated) —> 2CI . . " • ( 33 ) 

m.lir + Cl ->C(’l 4 + Jil ■ • ■ (34) 

c , Hr -c Hr —> lb, . (35) 

t 

Of com so, the leaetion may take place by (<i) and (/-) simultaneously. 

• , 1 CCl. does not absorb any of tht^ light. 
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The reaction of Table I. so far unconsidered is the dec omposition 
erf ozone in the presence of cither # chloiine or homines Weigert 
(Zeitsch. E/t'kfroc/tt-fti., 14 / 59 b 1 908) showed that if a mix t life of * t 

chlorine and ozone be subjected to tlie action of violetflight, which is 
absorbed by chlorine but practically not at .ill b\ o/one, the latter de¬ 
composes. This is an example of a sensitised photochemical icaction, 
the concentration of the absorbing substance—chlorine —remaining un¬ 
changed. Kinstein’s law, as usually formulated, cannot theiefoie apply. 
Bonhoffer (Z.eits,h. fur Phvsik, 13 , 94 , 1923) showed, howcvei, that 
there is*a simple 1 elation between the number of quanta absorbed by 
the chlonfle and the number of o/one molecules dec (imposed. The 
ratio found is two molecules per quantum ; in addition, the reaction 
velocity is independent r^l the concent ration of o/one. The Jesuits 111:1) 
be inteipieted to mean that the quantum absorbed by a chlorine 
molecule is transfeired to an ozone molecule by collision, and that 
tlieie then tollows either the icaction — 

<)., (ac livated) + O,,—>3<), . . . (36) * 

or the rca< lions • - 

O, (ac tivatc cl) —> (>., 4-0 . (37) ' 

O I- 0 ;i -> 2 (), . . . ,.'(3S) 

In the piesence of biomine as sensilisei, lionhoffer foiled that not two 
but thirty molec ules of ozone aie decomposed pei quantum absorbed. 

It is diftic lilt to -atpply a satisfac tory them) to ac'counl I01 this dlifer- 
ence. The insults apparently show that the mechanism of sensitisation 
is not so simple as outlined above, but that the nature of the sensitiser 
must be considered, possibly I10111 the point ol view of the capacity ol* 
its activated form to react with o/one to foi 111 unstable conipleves. 

The activity of a given sensitiser depends on the 1 cacti on which is 
sensitised Thus btomine, which has a huge effect on the decomposi¬ 
tion of o/one, acts noimally as a sensitiser in the icaction — 

2rci.1l* + ()_,-» -COCK. 4- lh , 4- CL - . (39). 

oct.urnng m ('( ‘I, solution. (iruss {/or. cif.) found that the velocity; of 
this icaction was independent of the coneenliation of Ojj^tid fVTjHi, 
and that for eac h quantum alisorbed by tlie biomine two molecules of 
CCI a Br icacted acemding to (3«>) 

Reactions in Liquid Media. 

**In general these piesent more * complications than do gaseous ie- 
actions. *We ’have nlicady discussed one example*, the chlorination of 
trichlorobrommethane; here the reaction follows the predicted course 
either in presence or absence ol C/il 4 ys solvent. The only other 
examples of simple- behaviour are those obtained b) Bowen (Trans. 
Chem. So,., 123 , ifticj, ic>’3), iiamelv, the photochemical decomposition 
of the oxides of rbloiyie, CljO and CIO;, dissolved in It was 
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found that the decomposition is 8b to 90 per cent, of the theoretical 
and' cji is independent of the corfeentration of the chlorine oxide in both 
case*. The photoclnunioal decomposition T>f NCn the same solvent 
was also investigated. In this case the results indicated that more than 
one molecule decomposes per (plantuni absorljed. The light employed 
(wave-length C445 1 ') corresponds to an activation of 65,000 cals, per 
gram-molecule and Bowen calculates that this energy is sufficiently large 
to enable tin reactions—- 

► 

( \,0 + hv —> CLO (activated) -> Cl., + O . • . (40) 

and ('IO., + hv —> (. 10 ^ (activated) —> Cl + Cb . • . (41) 

to take place. 

The other mictions of Table 111 . weic*»all effected in aqueous 
solution and all exhibit the feature that the value of <fi depends on the 
concentration of the photolyle. Taking fust the photochemical decom¬ 
position of 11 S ).„ apparently the simplest chemically , this is an exothermic 
* reaction the velocity of which is proportional to the amount of light 
absoibed, /.<•. the miction follows a unimoleeiilui course. It has been 
.quantitatively studied by Ilemi and Wurmser (6Vw//>/Vv A’c////., 156 . 
101 1013) who found that the extent of decomposition is much greater 

than that given by Einstein's law, 1 and by Kornfeld {/ti/uh. re/.s.s. /'hot, 
21, 60 , ii).’1) whose results may be summansed thus:— 

1. The photochemical decomposition of U..O, in aqueous solution 
is markedly sensitive to unjnirities and to the com entration of II* and 
OH'. Increase of II* deeieases the vcloci1\, small additions of OH' 
increase it slightly while large! amounts cause a maiked fall. 

* 2. Using monochrom.itie light of wave-length 0 310 ft, the number 

of molecules of H..O, decomposed pet quantum absorbed depends on 
the concentration of !!,(>,, falling fiom 77 with 005 normal I1..0., 
to 24 with o - oi6 normal. 

3. Addition of acid lowers these quantities and diminishes some¬ 
what their vaiiabilily with the concentration of H„ 0 „. 

_ These results cleaily indicate the large effect' pioduced by secondary 
react ft ms ; as in the hydrogen-ehloi ine reaction a large and variable excess 
yiel^^j obtained. (Note that both reactions are exothermic ) Kornfeld 
develops ana urteiestmg theory lo account for the great velocity of de¬ 
composition, its dependence on the concentration of II* and OH , and 
the fact that over a wide range the reaction is apparently of the first 
order. * The mechanism proposed is complicated ; it assumes that the 
primaiy process is— 

HXU-t- hv -» H* (activate!!) + Oil' + O (activated) . (4T) 

after which numerous secondary' processes are possible. Henri and 
Wurmser showed thft in contradiction to the requirements of Einstein’s 

1 Henri and Wurmser found that as many as 80 molecules of H 2 0 _. could be 
. decomposed by one quantum. The results given in Table III. refer to conditions 
such that the decomposition is much less. 
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law $ does not increase with increasing A ant! Kornfeld’s theoiy also * 
accounts for this. # 

boll (('nmpAs Re mi., isr it 5, T913 ; Ann. '('him Pity a. ix.*|, 2 , 
r > I 9 I 4) determined the rate pi photolysis of the ehlor|?latinic acids in 
aqueous solution which results ii^ theii reduction, These endotheiniic 
reactions are apparently bimolecufar ; the value of (j> increases with 
increasing concentration of photolyte at constant wave-length, and 
diminishes with increasing wave-length at constant concentration. This 
variation is shown in 'Table YL. in which the results obtained with the 

tetra-aciiT I'tCI ,(OH ).,11 „ aie given :— 

» 

TAB Mi VI. 

PupToi.vsis oi- PtCl 4 (OH),II,. 


Cumrntr.-itii’ii i N. 



■/> v > 



t 10 5 

<y z 

" -tt 

0 5.1 fi 

U'<> 07 - 

TQI 


0 S 0 

(>■ -t rn 

0*10 | 

1 -i >,X 

2*0 

rn 

rv ,r > 1 

1 -hh 

o'Sy’ 



o' :3s 

yv 

o-S.j 


r The velocity of the photochemical decomposition of potassium 
coballioxalate in aqueous solution was measured by Vranek {/xit\c/i. 
Eh'ktnnhnn., 23 , 33d, 1917), 'The u-aclion pmeeeds aceoiding to the 
equation— 


* 


aK.Co((;,o. t ) it ->2(’oC,(), + 3 k ,<:/>, + 2 C(\ 


(43) 


The cohaltioxalute possesses two absorption bands, one with a maximum 
at A — 0-426, the other at A 0 605 ; only wave-lengths within tin- 
former band are effect 1^2 in decomposing it. 'The apparent order ot 
the reaction b between one and two and Vranek states that the v^due * 
of </> is independent of tin- concentration, but this is doubtful in \iew of 
what is found fo? all the other processes in aqueous solution so fai'In¬ 
vestigated. The results given in 'Table Ill. show that“<J> ineieases 
approximately linearl) with decrensiny wave-length. 

both thi-. reaction and that investigated by 15 oll are eviderfctly of 
a somewhat complex nature and in neither does (f> increase as A is 
increased. In fact, the exact opposite is true. This is possibly 
accounted for by‘the theory given earlier, i.e. loss of activation by 
non-reactivf collision. 'The probability seems to be that in aqueous 
solution the more concentrated the solution the less is the energy lost 
by such non-reactive collisions. t t $ 

.Since both the photolytes aie relatively complex substances, Warburg 
{Sitzungiber. preuss.’Akad ., ryiS, p. 122K) studied a simpler reaction, 
the photochemical conversion of potassium nitrate into potassium nitrite 
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, * 

and oxygen. Kven with this substance, however, complications persist, 
since the reaction velocity is sensitive to additions of acid ;pid alkali and 
in cfider to obtain comparable results, il was foil nil necessary to work 
with solutions fnade N/3000 with respect to alkali. The nitrates of Ta, 
Na, K, Mg, Ca, Sr, Ha give the same results provided solutions of the 
same equivalent concentration are used, but UNO., is much less sen¬ 
sitive to light. In Table Ill. will be found the results obtained with 
N/3 solutions of KNO, at different wave-lengths. 'The effect of varying 
the concentration at constant wave-length is in the usual diicction, 
though the variation is not so maiked as in the case of Pit ' 1 ,( 011 ) ,T I„. 
Thi- caiergy necessary to decompose the NO., gioup (in aqueous solution) 
into NO,, + () is estimated by Waibmg to be 101,000 cals, per gram 
equivalent, so that the eneigy supplied at 0 ^9.7//. and 0253/t. (but not 
at 0 2S2/J.) is sufficiently laige. 'The values of </>, however, aie only 
about oiic-ipi.irler of the theoietic al. 

'The- iceiproeal transformation of maleic - and fumanc ac ids in acpieous 
solution was also investigated by Warburg (SiPnngsher. /Vcv/fc. A had., 
191c), p. cj6o). 'Tin - stable and is fumanc a< id , if a solution of either 
of these acids is subjected to ultin-nolet light, a stationaiy slate- - will 
eventually lu- n ached when the latio of maleic - ac-id to fumanc acid is 
approvimately 7 : 3. The - \e - loc ity of both piocesses was measuied, and 
the results ('Table- ILL.) indicate a vciy small photoche imcal efiic ioncy.« 
'This maj lie- due, according to Wuiburg, to the- piimur\ piocess being a 
driving apait of two portions of the - absorbing molecule, which ma\ 
thc - n re unite to lonii the original molecule or its isomer, the c-\tc - nt to 
whic h the- lattei takes plac e being small 'The influence of alteration of 
t the concentration is not gie.it, yet curiously c f> increases with increasing 
coneenlialion for the icaetion fumarie —> maleic, but dc - e - u - ases for the 
reverse - change 


Photochemical Reactions in the Solid State. 

It has bec'ii demonstrated by Noddack ^nd Kgge-it (Sit.an^sher. 
Prenss. Ah,id., iijai, p. 931 ; ihid. , 1023, p. 1 1 h) that Jnnstein’s law is 
applie - able to the action of light on sibei bromide. - in a photographic - 
dl^plate*. The icaetion which occ urs may be represc - nted by — 

AgHr (actuated) —> Ag + Hr . (33) 

The silver atoms hbeiated are equal to the number of quanta absorbed, 
provided that a suitable acceptor, 111 this case the gelatine, 11-ucts with the 
liberated hi online. Tluee wave-lengths were employ eel, 0 436/i, o - ^£m, 
and o - 3f»5/x, and coirection was made- foi the light scatteied ;ytd that ab- 
soibed by the - gelatine - . Kcjuivalence bt'tween silver atoms I01 tried and 
quanta absoi be il is only found for the first period of illumination ; later, as 
also when intense ihuminati,on is« - . - niployed, the yield of silver is too small, 
evidently owing to recombination of silvei and br.omine svliich occurs 
when the gelatine in the - neighbouihood of the AgHr partie les is fully 
brominated. Weigerl (Sitznngs/vr. Preuss. A had.; i92i,p. 641) has also 


l 
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• • , , 

shown that Einstein’s law applied to the action of light on a silver 

chloride emission yields coyect result'? if applied to 4 he initial stdges 
of the ieacti(ln,.thoi^h his experimental data aie not m good agreeflient 
on some pointy with those of Eggcrt and Noddack. * 


. . Summary} 

'L'his survt>y of photochemical reactions shows that the ratio 

molecules decomposed .... 

* . • , may vary over wide limits though in a latge 

quanta absorbed . 

number of cases its value is not far lemovcd from unit). The simple 
quantitative lelations found in such reactions as the photochemical de¬ 
composition of hydiohiosme and hjdnodie acids and the photochemical 
chlorination of tnchloiobiommethain- form stiong evidence for the view 
energ) absorbed 


that the ratio 


hv 


is e<jual to the numbei of absoibing 


the latio 


molecules m all cast's Apparently, howevt'r, this is the only general con¬ 
clusion which may be infeiied bom the- measuiements abtne described. 
The processes which occur between the act of absoiption and the pio- 
diution of the final pinducls aie those which dctcimme 1 lie value ol 
molecules ol photolyte decomposed 
quanta absoihed 

nature of the lcuetion, the wave-length of the light employed and other 
factors, these processes ma\ be stub as to cause a lmge dilferencc 
between the number of absoibing molet ules and of those decomposed. 
Only m .1 lew reactions, and 111 those onl) within certain naiiow spectral 
limits, has the ratio been found to be unit). 


Depending on tile 


1 See a paper by Nernst and Noddack, Sit; inioshtr. I'rens i. Akad ., 1923, p. tto. 
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The Dimensions <>t the Chemical Constant. 


(Cf I 1 '. A. Dindrmann, Phi). Mat*., 09 , 21 (1920)). 

The genera] equation foi the vapour pirssuie of a solid derived l)y 
integrating the Clupeyron e(|iiation is of the form— 




r 

r 1 c t r 

A 

A 0 - ( : f dT + 

. ,fY -|. C rr 

J1) J 

II I 1 * 

J 1 " J 

RT“ 


(0 


where A is the latent of vaporisation, A 0 the same at absolute zero, • 
C f and ('. p th*j molecular heats of the solid and gas respectively at 
constant piessure, R is the gas constant per gram-molecule, and C the 
chemical constant of the substance. (Kollowing.lhe convention adopted 
in (.’hap. IX. in connection with the “characteristic constant ” i and 
the allied quantity the chemical conslant C, the abovi' ('quation would 
be talon as involving loganthms to the base to with piessure in at- 
mospheies. The considerations dealt with below are equally applicable 
to either / or ('). 

The question of the collect dimensions of the chemical constant is 
of great impoitance as it is intimately bound up with the question of the 
validity ot the degradation theory of gases (<fi Chaps. IV. and IX.). 
The point is, whether the chemical constant has the dimensions of the 
logarithm of a pressure, or whether it has the dimensions of the 
logaiithm id a pressure diuded b) a temperature 0 to the power 5/2, the 
temperature '0 here referred to being a contact characteristic in some 
way of the substance considered. 

The first view, namely, that the dimensions of C are those of the 
logarithm of a pressure appears to be justified at first sight by the fact 

that - ^, o f/T in equation (1) is dimensionless, i.e. a pure number, tfftd 

consequently C is the logarithm of a pressuie. This conclusion, as Linde- 
mann shows {vide infra), really entails the assumption that the molecu¬ 
lar heat of the gas 1 ’equals 4 hat«of the solid in the neighbourhood of 
absolute zero ; lhat is that C p decreases to /eio in the neighbourhood 
of absolute zero. 'This, it will be recalled, is the main feature of the 
degradation theory of gases. * 
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. The second view, namely, that the dimensions of C are those of .the 
logarithm of A pressure divided by a temperature »to ascertain pow«;r is 
arrived by assuming that the gas laws hold down to the lowest tempera¬ 
tures, that C p retains its value 5/2 for a monatomic gas even at 
the lowest temperatures. If, th&efore, we could determine with pre¬ 
cision »the dimeftsions of C we would possess a valuable eiitenon foi 
testing the degradation theory. 'Hie case eonsidcied is that of a mon¬ 
atomic vapour in contact with the solid foufi. Lmdemaun pioceeds in 
the following manntir :— 

If Cj and C, are analytical functions of T one may wnte— 


and 


Cfti I — <r,| + <ql + it 1 I “ -f- . . . 
. »» ■» 

C/1’ fi„ + /»,T + />,T* + . . 

0 


where the coefficients ate energy terms. Hence equation (i) becomes — 


log /> - 



K - 'b. , /; i 

RT + 




R 


log T + 





,It is clear that every term ol tins soi ies is a pine number with the ex¬ 
ception of the third, which has the dimensions ol the logarithm of a 

temperature to the powei ^ ' l '. One may « oneludc, therefore, that 

the dimensions of C arc those ol the logarithm ol a pressure divided by 


'a temperature to the power 


Ik 


R 


It isimjilied in this statement that 


is not /eio. 

Now b v and a { arc clcaily the ntomii heats of the gas and ol the solid 
respectively at the absolute zero, and there seems little doubt th.it is 
zero (Ncrnst’s heat theotem). Therefore, if the value of k x - can be 
found, it will give us the.value of /> x itself, i.c. the value of the molecular 
heat of the monatomic gas al absolute /.cm and in the neighbourhood 
thereof. 

The probable form of the 1 Iiciiik al constant C may be ^derived by 
means of the following dimensional considerations. In the case of a 
monatomic gas, we may suppose that f. depends only on the mass m of 
the molecule, the gas constant k per molecule, Planck’s constant and 
some temperature 0 characteristic of the gas in question. Let us assume 
forjbe moment that C has the dimensions of the logarithm of a pressure. 
Then— ^ 

C = log/ = log m x -f log k v + log fr' 4- log 0 U + a constant. 


» 


M 1 . 

The dimensions of pressure being —, tlfe dimensions of k being 

• J M 


’• ML" 

energy/temperature = r^, the dimensions of h being those of action, 
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. f 


ML- 


namely, energy n time = —,* it follows that the dimensional equatidn 

. ' t 1 « 



whom e 





and n — 



so that, on this basm, (’ would take the form — 

]( )•> 

E 

M 

(Natuially dimensional considi lations give no mlormation regaidmg 
any pure numheis which aie also almost ecitamly involved in the ex- 
pression loi (!.) 

If we now assume, as we have above seen reason to do, that the 
dimensions ol (’ air those ol the loginithm of a pressure divided by a 

temperatuie (()) to tin pmvei 1 ’, dimeiiMon.il eonsideiations will 

l\ 

lead'to an cxpicssmn loi (' having the following loim-- 

/ i M \ 

* t K 

log ’“"(Y /. 

h" 


Hence (' must lie expiessible thus — 

C $ log M + (5/2 -■ /»!/R + a v R) log (i . (3) 

where ('„ is a constant, M the alomu weight, and 0 some unknown 
tempeiatuie which (an onl) depend upon the lenipeiature at which, 
at voiding to the degi.ulation tlieoi), the gas l.ir' s cease to hold. 

Now it lias been shown—the cxpcumentul data am given in (’hap. 
IX., section on the “characteristic constant ”—that within the limits of 

emu the chemical constant can be wiitten— 

* 

C - C 0 + * log M . . . (4) 

i. 

This must be in agieement with equation (3). In order that this may 
be so, it is evident that the term containing 8 , namely (5 2 - />,/ R + (*f'R) 
log 0 in equation (3) must vanish. Since </, is zero, it is m/cessaiy that 
the term (5/2 - />j/R) log 8 shall vanish. This will happen on either of 
two assumptions, viz. :— 

♦ ^ 

(1) If C p retains its value, ‘ , down to absolute zero, <bJR will then 

he 5/2 and the quantity inside the bracket vanishes. 0 can at the same 
time vary with the chemical nature of the gas. 
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, (2) If Cp'falls to zero, as the degradation theory requires, then //, =o ; 
and the quantity inside thetbracket becomes 5/». Iti this ease it is 
necessary, in'order that the 8 term shall \anish, that 8 itself shaft be 
unity for all monatomic gases, This is implied, therefore, ?n the deguula- 
tion them) of gases* % . 

Let us « onsjder these two possibilities a little furthei. If assumption 

(2) is 1 oireet, that is, if /', = o, then the term - 1 ‘- 1 log T m equation 

(2) vanities, and consequently all the teims in this equation aie now 
dimensionless, lienee 111 this case C has the dimensions ol the louaiithm 
of a pressuie. 

If assumption (1) is correct, that is, if /> — ]R, it lollows that C 
his tin- dimensions of th^ logarithm of a pressuie divided by a tempeia- 
tuie (chaiacterislii of the substance) raised to the powei 5,2. 

Of the two assumptions considered Lnulemann concludes that as- 
sumption (2) is the less piobable since it inquires that 0 shall not only be 
the same for all monatomic gases—even where these possess such ap¬ 
parently divergent characteristics as say meicuiy and aigon possess— 
but that, further, this constant must possess the arbitiaiy value unity. . 
If Lindemann’s (ontenlion be just, assumption (2) falls to the ground 
and with it the degradation theory of gases. We aie then left w'ilh the, 
liisl assumption, namely that the molecular heat ol a monalomn gas re¬ 
tains its constant value :R down to absolute zeio. 

Assuming that the molecular heat thus retains its value ~:R, Lmde- 
mann shows that the chemical constant may take on a new physical 
significance. The procedure is as follows 

The equation for the vapour piessure may be written— ' 



(It is evident that : = log/,,.) 

The symbol/(T) stands lor I C f </T. Sim (’mistaken to be ;iR 

Jo 

down to absolute zero it follows that- — 



<V /T 

0 RT2 ' /T - IorT"/* 


S -WO) . 
‘ r 


Hence % .. 

Setting A = 

the equation becomes 
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.Now Stefan’s constant a, thy constant of total (black body) radiation, 
is given by— * • « , 

. 2V’ k 1 


Whence 


i 5 ' SW 

> t 

(27r) : ~ . /■"'/- ) . 


Also for a monatomic gas wv 1 -- 3//]’, wlicief is the mold uUp;, velocity. 
Hence 


. ^TS J<>ir r' <r 
* — 1 




d l 


4«t”1’ 4 

Now = 1‘ -= the tadialion pressuic of complete radiation of 

tempeiutiire Ton the walls of a containing vessel. Hence— 


‘35 J f ,7r ‘ J „,j ‘ h 

4tt' ■ 7 r« 

I he vs loi Jv V oi sound in the gas considered is given by 


/' 


? ’\l] - j>/ 5 i 7 = <>, * *)■ 


Introducing V into the ,ibovc c <|ii<i111>n vve obtain 


25 s / 3 o* <•> 

7 ^ 7 T ! V- 


J 


aii n 11 

IO 2 1 


o 


which for low temperatures, T) small, becomes 


/* — 0-623 . _ . IV - Ml. 


If any frequency, y, is ronsideied, the wave-length of the clastic (corn- 
pressitinal) wave in the gas is V/r, the corresponding electromagnetic 
wave having the wave-length <,jv. Now the kinetic energy of the gas 
molecules per c.c. is ,V/>, whole/ 1 i> the gas pressure. Hence the energy 
of the gas in a cube whose side is one (compressional) waye-length is 
V s 

;!/ . . Also, the radiation density of complete radiation is given by 

v , 

31 *, where 1 * is the radiation pressure. Hence the amount of radiational 
energy in a cube the side of which is one electromagnetic' wave-length 

■ • , , ^ 
is given by 3P . - 3 . 


1 





as- 
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2 * * 

The ratio of these two quantities is given hy the above equation. 

* * 

3% Y 3 I , 1 * = °* 2 .V-a # /kt. 

2 7 !<•* ' V s 2 

% . 

Tilis, the.energy, residing in the gas in a euhe whose side is one 
wave-length, divided by the corresponding eneigy in the radiation, is 
0-312 i.e. 0-312 times the fraction *of molecules whose energy 

is gieatcl*than the potential energy acquired when they are removed 
from the sokid to infinity. “ This relation is strongly reminiscent of a 
well-known theorem in the theory of radiation, namely, that complete 
radiation is in equilibrium in any two dielectrics when the energy in a 
wave-length cube in one i* equal to the energy in a wave-length cube of 
the same frequency in the other. In comparing the energy in the gas 
to that in the radiation at reasonably low temperatures the coi responding 
theorem would he, that radiation pressure is in equilibrium with vapour 
pressuie when the energy per moleeule capable of e\aporaling in a wave¬ 
length cube residing in the gas is equal to times the 

energy residing in a cube of ladiation of coiiesponding wave-length. 
.One 


i e- 


may conclude theicfoie, since the chemical constant can lit 
placed by radiation pressure, that its physical significant ^ may pel haps 
besought rathei in the interaction of radiation and matter than in 
the subdivision of (libb’s N-duuensional space into finite elements of 
equal probability, [/.<'. IManck’s assumption, dealt with in Appendiv 11 - 1 - 
If these finite cells of equal probability really evist it would seem dilfi- 
*cult to escape the conclusion that the atomic heat disappears neai the 
absolute zero. The evidence appears to be against this, as was shown 
above, and one of the strongest arguments in favour of such a (evolu¬ 
tionary assumption would seem to have been removed if the value of the 
chemical constant can be deiived from the radiation pressure. 


* 
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